Evaluating parasitoids (Hymenoptera: Aphelinidae) for biological control of Bemisia argentifolii (Homoptera: Aleyrodidae) on poinsettia. by Hoddle, Mark S.
University of Massachusetts Amherst 
ScholarWorks@UMass Amherst 
Doctoral Dissertations 1896 - February 2014 
1-1-1997 
Evaluating parasitoids (Hymenoptera: Aphelinidae) for biological 
control of Bemisia argentifolii (Homoptera: Aleyrodidae) on 
poinsettia. 
Mark S. Hoddle 
University of Massachusetts Amherst 
Follow this and additional works at: https://scholarworks.umass.edu/dissertations_1 
Recommended Citation 
Hoddle, Mark S., "Evaluating parasitoids (Hymenoptera: Aphelinidae) for biological control of Bemisia 
argentifolii (Homoptera: Aleyrodidae) on poinsettia." (1997). Doctoral Dissertations 1896 - February 2014. 
5661. 
https://scholarworks.umass.edu/dissertations_1/5661 
This Open Access Dissertation is brought to you for free and open access by ScholarWorks@UMass Amherst. It 
has been accepted for inclusion in Doctoral Dissertations 1896 - February 2014 by an authorized administrator of 
ScholarWorks@UMass Amherst. For more information, please contact scholarworks@library.umass.edu. 

EVALUATING PARASITOIDS (HYMENOPTERA: APHELINIDAE) FOR BIOLOGICAL CONTROL 
OF BEM1S1A ARGENTIFOUI (HOMOPTERA: ALEYRODIDAE) ON POINSETTIA 
A Dissertation Presented 
by 
MARK S. HODDLE 
Submitted to the Graduate School of the 
University of Massachusetts Amherst in partial fulfillment 
of the requirements for the degree of 
DOCTOR OF PHILOSOPHY 
February 1997 
Department of Entomology 
© Copyright by Mark Stephen Hoddle 1997 
All Rights Reserved 
EVALU/ggpG PARASITOIDS (HYMENOPTERA: APHELINIDAE) FOR BIOLOGICAL CONTROL 
OF BEMIS1A ARGENT1FOL1I (HOMOPTERA: ALEYRODIDAE) ON POINSETTIA 
A Dissertation Presented 
by 
MARK S. HODDLE 
Approved as to style and content by: 
■L 
^Rby G. Van Driesche, Chair 
L 'IA>HF 
John P. Sanderson,‘Member 
Joseph S. Elkinton, Member 
Mike Rose, Member 
Daniel R. Cooley, Member- 
Department of Entomology 
DEDICATION 
To the memory of Brian A. Foster, DSc. Brian introduced the concept of the coal-face to me. 
ACKNOWLEDGMENTS 
I would like to acknowledge the contribution of my thesis committee chair Dr. Roy Van Driesche. 
Aside from providing guidance, advice, and encouragement for this research, Roy provided sincere 
friendship for which I am very grateful. I hope our friendship will lend itself to future collaborative efforts 
in biological control. I also extend deep felt appreciation to Dr. John Sanderson and his family (Marie, 
Jeremy, and Jamie, and of course Gordon, the psycho cat) for welcoming me into their Ithaca home each 
week and allowing me to watch X-Files on Friday nights in the basement. Thank you. 
I thank my parents, Les and Sharon Hoddle, and grandparents Maurice and Phyllis Burley and 
Betty Hoddle, for writing and telephoning me for the time that I have been away from New Zealand. It has 
meant a lot knowing that I have had their love and support during this exacting time. 
Tina Smith and Paul Lopes, UMass extension experts for ornamentals, have been enthusiastic 
supporters of the work we have done on the whitefly. I thank them for this, and for organizing financial 
support for the project which afforded the opportunity to further IPM and biological control for 
Massachusetts greenhouse growers. Without the cooperation of Massachusetts ornamental growers I could 
not have conducted the necessary field trials. I want to thank Mr. Ed Norberg, Mr. Phil Burnham, Mr. 
Ikram Seedholm, and Mr. Clive Olson for their enthusiastic cooperation. Susan Roy and Mark Mazzola 
provided outstanding assistance in the field. The USDA also provided much needed research funds. 
A special thank you goes to Dr. Joe Elkinton for enthusiastically jumping into the functional 
response quagmire with me, helping with SAS codes, and interpreting statistics speak from the 
professionals. I thank Mr. Mike Rose, Dr. Pat Vittum, and Dr. Dan Cooley for providing feedback on the 
work in this thesis. Finally, a heart-felt thanks goes to the great friends (students and faculty) I have made 
in the Department. They made the UMass experience one of the greatest things I have been privileged to 
do. Spank yous, pop-tarts, and Rao’s coffee go to Vincent D’Amico III, a truly remarkable friend whom I 
shall miss seeing each day. I thank Christy McLary for being a close supportive friend, and for sharing 
her apartment and cats with me. 
v 
ABSTRACT 
EVALUATING PARASITOIDS (HYMENOPTERA: APHELINIDAE) FOR BIOLOGICAL CONTROL 
OF BEMIS1A ARGENT1FOL1I (HOMOPTERA: ALEYRODIDAE) ON POINSETTIA 
FEBRUARY 1997 
MARK S. HODDLE, 
BSc., UNIVERSITY OF AUCKLAND, NEW ZEALAND 
MSc., UNIVERSITY OF AUCKLAND, NEW ZEALAND 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Roy G. Van Driesche 
Three aphelinid parasitoids were evaluated for the biological control of silverleaf whitefly, 
Bemisia argentifolii Bellows and Perring (Homoptera: Aleyrodidae) on poinsettia (Euphorbia pulcherrima 
Willd. ex Klotzsch) in replicated experimental greenhouses at Cornell University, Ithaca NY. Life-tables 
for B. argentifolii in the presence and absence of parasitoids were constructed from bi-weekly photographs 
of whitefly nymphs on poinsettia leaves. Concurrent with photography, weekly population counts of 
whitefly lifestages on poinsettia plants were made in experimental greenhouses. 
A release rate of one Encarsia formosa Beltsville strain/plant/week produced 23% parasitism and 
96% mortality of photographed nymphs. Releasing three E. formosa Beltsville strain/plant/week caused 
parasitism to decrease to 12% and whitefly mortality to increase to 99%. Releasing one Eretmocerus sp. 
nr. californicus (AZ)/plant/week produced 34% parasitism and 88% whitefly mortality. Releasing three E. 
sp. nr. californicus (AZ)/plant/week caused observed parasitism to decline to 10% and overall mortality of 
photographed nymphs to increase to 99.1%. 
The efficacy of these two parasitoids was compared to the commercially available strain of 
Encarsia formosa Gahan. The commercial strain of E. formosa achieved 23% parasitism and 92% 
whitefly mortality at a release rate of three females/plant/week. Releasing one female E. 
formosalplantJ-week caused 13% parasitism and 95% whitefly mortality. In a commercial greenhouse, an 
vi 
average weekly release rate of six E. /omzosa/plant/week resulted in 39% parasitism and 86% mortality. 
Increasing levels of parasitism and decreasing mortality levels as release rates of commercial E. formosa 
increase may be due to mutual interference between searching females. Whitefly mortality on greenhouse 
grown poinsettia in the absence of parasitoids at Cornell University was 19%-25%. To suppress B. 
argentifolii population growth with inundative parasitoid releases, whitefly net reproductive rates (R<,) 
have to be less than one. This was acheived when mortality of photographed nymphs exceeded 96%. 
Discovery and utilization of whitefly nymphs on single leaf poinsettia plants placed within the 
canopies of commercially grown poinsettia crops indicated that E. sp. nr. californicus (AZ) had a Type I 
functional response, while E. formosa Beltsville strain exhibited a Type II functional response. E. sp. nr. 
californicus (AZ) located a greater number of whitefly patches more quickly, and caused higher levels of 
whitefly mortality than E. formosa Beltsville strain. The observed results may have been affected by the 
density of whitefly nymphs on non-experimental plants and crop canopy size which differed between 
greenhouses; both of which were greater in E. formosa Beltsville strain greenhouses. 
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TABLE OF CONTENTS 
Page 
ACKNOWLEDGMENTS.v 
ABSTRACT.vi 
LIST OF TABLES.xiii 
LIST OF IGURES.xvi 
Chapter 
1. A PHOTOGRAPHIC TECHNIQUE FOR CONSTRUCTING LIFE-TABLES FOR 
BEM1S1A ARGENTIFOL1I (HOMOPTERA: ALEYRODIDAE) ON POINSETTIA 
Abstract.   1 
Introduction.1 
The Photographic Technique. 2 
2. EVALUATION OF ENCARS1A FORMOSA (HYMENOPTERA: APHELINIDAE) 
TO CONTROL BEM1SIA ARGENTIFOL11 (HOMOPTERA: ALEYRODIDAE) ON 
POINSETTIA CEUPHORBIA PULCHERRIMA): A LIFE-TABLE ANALYSIS.8 
Abstract.  8 
Introduction.8 
Materials and Methods...10 
Greenhouses and Cultivars. 10 
Population Density Estimation and Life-table Construction.11 
Calculating Marginal Probabilities of Mortality and k-values.12 
Wasp Releases, Percent Emergence, and Emergence Pattern.13 
Cost Analysis. 13 
Sales I spection.14 
Results.14 
Population Density Estimates and Life-table Construction.14 
Marginal Probabilities of Mortality and k-values.15 
Wasp Releases, Percent Emergence, and Emergence Pattern.15 
Cost A alysis.16 
Sales Inspection.  
Discussion.17 
viii 
3. BIOLOGICAL CONTROL OF BEMISIA ARGENTIFOLII (HOMOPTERA: 
ALEYRODIDAE) ON POINSETTIA WITH INUNDATIVE RELEASES OF ENCARSIA 
FORMOSA (HYMENOPTERA: APHELINIDAE): ARE HIGHER RELEASE RATES 
NECESSARILY B TT ?.25 
Abstract.25 
Introduction.26 
Materials and Methods...27 
Experimental Greenhouses, Crop Management, and Initial Whitefly Infestation Levels.27 
Parasitoid Release Regimen.28 
Establishing and Photographing Whitefly Cohorts; Constructing Life-tables and 
Survivorship Curves ..29 
Calculating Marginal Probabilities of Mortality.30 
Sex Ratio of Emerging Whiteflies, Net Fecundity Estimates, and Calculation of Net Reproductive 
Rates (Ro).31 
Monitoring Bemisia argentifolii Population Densities.32 
Estimating In-House Parasitoid Reproduction.33 
Estimating the Number of Hosts Available per Plant for Wasp Attack.33 
Estimating Percent Mortality and Percent Parasitism in Experimental Greenhouses.34 
End of Crop Sales Inspection.34 
Results. 35 
Estimates of Initial Whitefly Infestation on Cuttings Prior to Potting.35 
Life-Tables for B. argentifolii in the Presence and Absence of Encarsia formosa.35 
Survivorship Curv s.37 
Net Reproductive Rates (Ro). 8 
Trends in Whitefly Population Density.38 
Trends in Percentage Parasitism and Numbers of Emerging Parasitoids.39 
Trends in Host:Parasitoid Ratio and Host Mortality.40 
End of Crop Sales Inspection.41 
Discussion.41 
4. BIOLOGICAL CONTROL OF BEMISIA ARGENTIFOLII (HOMOPTERA: 
ALEYRODIDAE) ON POINSETTIA WITH INUNDATIVE RELEASES OF 
ERETMOCERUS SP. NR. CAUFORN1CUS (STRAIN AZ) (HYMENOPTERA: 
APHELINIDAE): DO RELEASE RATES AND PLANT GROWTH AFFECT 
PARASITISM?.58 
Abstract.58 
Introduction.59 
Materials and Methods.61 
IX 
Experimental Greenhouses, Crop Management, and Initial Whitefly Infestation Levels.61 
Parasitoid Release Regimen.62 
Establishing and Photographing Whitefly Cohorts; Constructing Life-Tables and Survivorship 
Curves.62 
Calculating Marginal Probabilities of Mortality.64 
Sex Ratio of Emerging Whiteflies, Net Fecundity Estimates, and Calculation of Net 
Reproductive Rates (Ro).65 
Monitoring Bemisia argentifolii Population Densities.66 
Estimating In House Parasitoid Reproduction.66 
Estimating the Number of Hosts Available per Plant for Wasp Attack.67 
Estimating Percent Mortality and Percent Parasitism in Experimental Greenhouses.68 
End of Crop Sales Inspection.68 
Results. 68 
Estimates of Initial Whitefly Infestation on Cuttings Prior to Potting.68 
Life Tables for B. argentifolii in the Presence and Absence of 
Eretmocerus sp. nr. californicus (AZ).69 
Survivorship Curves. 70 
Net Reproductive Rates (Ro). 71 
Trends in Whitefly Population Density.72 
Trends in Percentage Parasitism and Numbers of Emerging Parasitoids.72 
Trends in Host:Parasitoid Ratio and Host Mortality.73 
End of Crop Sales Inspection.74 
Discussion.75 
5. BIOLOGICAL CONTROL OF BEMISIA ARGENTIFOLII (HOMOPTERA: 
ALEYRODIDAE) ON POINSETTIA WITH INUNDATIVE RELEASES OF ENCARSIA 
FORMOSA “BELTSVILLE STRAIN” (HYMENOPTERA: APHELINIDAE): CAN 
PARASITOID REPRODUCTION AUGMENT INUNDATIVE RELEASES?.90 
Abstract.90 
Introduction.91 
Materials and Methods. 4 
Experimental Greenhouses, Crop Management, and Initial Whitefly Infestation Levels.94 
Parasitoid Release Regimen.95 
Establishing and Photographing Whitefly Cohorts; Constructing Life-tables and 
Survivorship Curves.95 
Calculating Marginal Probabilities of Mortality.97 
Sex Ratio of Emerging Whiteflies, Net Fecundity Estimates, and Calculation of Net Reproductive 
Rates (Ro).98 
Monitoring Bemisia argentifolii Population Densities.99 
Estimating In-House Parasitoid Reproduction.100 
Estimating the Number of Hosts Available per Plant for Wasp Attack.100 
Estimating Percent Mortality and Percent Parasitism in Experimental Greenhouses.101 
End of Crop Sales Inspection.101 
x 
Results 101 
Estimates of Initial Whitefly Infestation on Cuttings Prior to Potting.101 
Life-Tables for B. argentifolii in the Presence and Absence of E. formosa Beltsville Strain.102 
Survivorship Curves.......103 
Net Reproductive Rates (Ro).104 
Trends in Whitefly Population Density ...... 5 
Trends in Percentage Parasitism and Numbers of Emerging Parasitoids.105 
Trends in Host:Parasitoid Ratio and Host Mortality.106 
End of Crop Sales Inspection...107 
Discussion...........107 
6. DISCOVERY AND UTILIZATION OF BEMISLA ARGENTIFOLII (HOMOPTERA: 
ALEYRODIDAE) PATCHES BY ERETMOCERUS SP. NR. CAL1FORNICUS (AZ) 
AND ENCARSLA FORMOSA BELTSVILLE STRAIN (HYMENOPTERA: 
APHELINIDAE) IN GREENHOUSES.......121 
Abstract.......................121 
Introduction...............121 
Materials and Methods..............124 
Experimental Greenhouses.......124 
Parasitoid Releases.......125 
Establishing B. argentifolii Patches on Experimental Plants..125 
Inspection of Experimental Patches in Greenhouses.127 
Assessment of B. argentifolii Mortality on Experimental Plants............127 
Density Responsiveness: Wasp Aggregation...i...128 
Density Responsiveness: Area of Search (a).........128 
Density Responsiveness: Statistical Determination of Functional Response Type.129 
Density Responsiveness: Determination of Functional Response Parameters.129 
Results.   130 
Estimates of B. argentifolii and Parasitoid Populations in Greenhouses.130 
Patch Discovery by Parasitoids...131 
Wasp Aggregation to Whitefly Density.133 
Density Responsiveness: and the Area of Search (a).13  
Statistical Determination of Functional Response Type and Estimation of Functional 
Response Parameters for Eretmocerus sp. nr. californicus (AZ).134 
Statistical Determination of Functional Response Type and Estimation of Functional 
Response Parameters for Encarsia formosa (Beltsville strain).135 
Discussion.136 
xi 
7. WHICH PARASITOID AND RELEASE RATE WAS MOST EFFECTIVE FOR 
CONTROLLING BEMISIA ARGENTIFOLII (HOMOPTERA: ALEYRODIDAE) ON 
POINSETTIAS IN SMALL GREENHOUSES AT CORNELL UNIVERSITY?.148 
Conclusion..........148 
Parasitoid and Release Rate Efficacy Based on Percentage Mortality...149 
Parasitoid and Release Rate Efficacy Based on Percentage Parasitism.149 
Parasitoid and Release Rate Efficacy Based on Estimates of Live Nymphs on Whole 
Plants at Time of Sale..................150 
Parasitoid and Release Rate Efficacy Based on Sales Inspection Counts and 
Percentage Infested Plants.........151 
Parasitoid and Release Rate Efficacy Based on Cost............151 
Coda..............152 
REFERENCES CITED.........155 
xu 
LIST OF TABLES 
Table Page 
1. A summary life-table constructed from bi-weekly photographs of whitefly cohort number 
three, as mapped in Fig. 2.7 
2. Partial life-tables for B. argentifolii for each of the three treatments in the biological control 
green ouse.20 
3. Weekly percentage emergence of E. formosa, mean number of parasitized pupae per card, total 
number of cards with parasitized T. vaporariorum put into greenhouse each week, number 
of adult parasitoids released per plant, and per M2, and number of plants in the biological 
control greenhouse for each week of the trial.21 
4. Comparison of the costs of whitefly control in the insecticide greenhouse and the biological 
control greenhouse1 22 
5. Life-table for Bemisia argentifolii in the absence of Encarsia formosa (unreplicated 
control greenhouse, spring 1995 tri l).45 
6. Combined life-table (two replicates) for Bemisia argentifolii which received one Encarsia 
formosa per plant per week (low release rate trial, spring 1995). 46 
7. Combined life-table (two replicates) for Bemisia argentifolii in the absence of the high 
release rate of Encarsia formosa (three wasps/plant/week, fall 1993 trial).47 
8. Combined life-table (two replicates) for Bemisia argentifolii which received three Encarsia 
formosa per plant per week (high release rate trial, fall 1993). 48 
9. Summary life-tables across cohorts for Bemisia argentifolii in the absence (1 greenhouse) 
and presence (2 greenhouses) of 1 Encarsia formosa per plant per week, and absence 
(2 greenhouses) and presence (2 greenhouses) of three E. formosa per plant per week.49 
10. Parasitoid fate (Encarsia formosa) after parasitism was identified in photographic slides.50 
11. Mean temperature ±SE, sex ratio, net fecundity (LXMX), and net reproduction (R<,) estimates for 
Bemisia argentifolii in each experimental greenhouse.51 
12. Infestation statistics for live Bemisia argentifolii nymphs and pupae on poinsettia leaves 
from experimental greenhouses in which Encarsia formosa had been released and on 
leaves of poinsettias collected from retail outlets at the end of the growing season.52 
13. Life-table for Bemisia argentifolii in the absence of Eretmocerus sp. nr. californicus (AZ) 
(unreplicated control greenhouse, low release rate trial, spring 1995 trial).78 
14. Combined life-table for B. argentifolii across both greenhouses which received one female 
Eretmocerus sp. nr. californicus (AZ) per plant per week 
(low release rate trial, spring 1995). 79 
15. Combined life-table for Bemisia argentifolii across both high release rate control 
greenhouses which did not receive Eretmocerus sp. nr. californicus (AZ) 
(spring 1994 trial).80 
xiii 
16. Combined life-table (two replicates) for Bemisia argentifolii across both greenhouses 
which received three female Eretmocerus sp. nr. californicus (AZ) per plant week 
(high release rate trial, spring 1994). 81 
17. Summary life-table for Bemisia argentifolii in the absence (1 greenhouse) and presence 
(2 greenhouses) of one female Eretmocerus sp. nr. californicus (AZ) per plant per week, 
and absence (2 greenhouses) and presence (2 greenhouses) of three female Eretmocerus 
sp. nr. californicus (AZ) per plant per week...82 
18. Parasitoid fate (Eretmocerus sp. nr. californicus [AZ]) after parasitism was identified in 
photographic slides...83 
19. Mean temperature ±SE, sex ratio, net fecundity (LxMx), and net reproduction (Ro) estimates 
for Bemisia argentifolii in each experimental greenhouse.84 
20. Infestation statistics for live Bemisia argentifolii nymphs and pupae on poinsettia leaves 
from experimental greenhouses in which Eretmocerus sp. nr. californicus (AZ) had been 
released and on leaves of poinsettias collected from retail outlets at the end of the 1994 
growing season (f ll)...85 
21. Life-table for Bemisia argentifolii in the absence of Encarsia formosa Beltsville strain.110 
22. Combined life-table (two replicates) for Bemisia argentifolii which received one Encarsia 
formosa Beltsville strain per plant per week (low release rate trial).Ill 
23. Combined life-table (two replicates) for Bemisia argentifolii which received three Encarsia 
formosa Beltsville strain per plant per week (high release rate trial).112 
24. Summary life-tables across cohorts for Bemisia argentifolii in the absence (1 greenhouse) 
and presence of 1 Encarsia formosa Beltsville strain per plant per week (2 greenhouses), 
and 3 E. formosa Beltsville strain per plant per week (2 greenhouses).113 
25. Parasitoid fate (Encarsia formosa Beltsville strain) after parasitism was identified in 
photographic slides.114 
26. Mean temperature +SE, sex ratio, net fecundity (LXMX), and net reproduction (Ro) 
estimates for B. argentifolii in each experimental greenhouse.115 
27. Infestation statistics for live Bemisia argentifolii nymphs and pupae on poinsettia leaves 
from experimental greenhouses in which Encarsia formosa Beltsville strain had been 
released and on leaves of poinsettias collected from retail outlets at the end of the 
growing s ason.116 
28. Estimates of the number of female parasitoids released per plant, in-house emergence of 
parasitoids, densities of live nymphs per plant from weekly population counts, mean 
number of leaves per plant, and the total number of plants averaged across replicated 
treatments. All means are presented ±SE.140 
29. The mean number of wasps (± SE) counted on artificial patches in small and large poinsettia 
canopies. Means followed by the same letters are not significantly different at the 0.05 
level of significance.141 
xiv 
30. Parameter estimates of a (area of search) from the Nicholson-Bailey equation 
(Type I Functional Response) and non-linear parameter estimates of a’ (search rate) 
and Th (handling time) from the random parasite equation (Type II Functional 
Response)...142 
31. Comparison of percentage mortality, and percentage parasitism (from summary life-table 
data for each parasitoid species at each tested release rate), and the final mean density of 
live Bemisia argentifolii nymphs on poinsettia plants and leaves across each biological 
control treatment at the end of the 14 week growing season.154 
xv 
LIST OF FIGURES 
Figure Page 
1. A camera-ready poinsettia leaf..5 
2. Leaf maps showing the fates of individual whitefly nymphs exposed to parasitoids on each 
photographic date...6 
3. Population trends for Bemisia argentifolii on caged plants in the presence and absence 
of Encarsia formosa and uncaged plants in the biological control and insecticide 
greenhouses...23 
4. Daily and cumulative emergence of Encarsia formosa in the laboratory.24 
5. Survivorship curves for Bemisia argentifolii cohorts on poinsettia in the presence and absence 
of Encarsia formosa.53 
6. Population trends for Bemisia argentifolii in the presence and absence of Encarsia formosa.54 
7. Weekly percentage parasitism estimates and weekly estimates of numbers of Encarsia formosa 
emerging into greenhouses.55 
8. Host:parasitoid ratio estimates and percentage mortality of Bemisia argentifolii nymphs in 
the presence of Encarsia formosa.56 
9. Total percent mortality and parasitism trends for Bemisia argentifolii on poinsettia in the 
presence of three different weekly release rates of Encarsia formosa 
(data from Table 9 and Hoddle and Van Driesche 1996). 57 
10. Survivorship curves for Bemisia argentifolii cohorts on poinsettia in the presence and 
absence of Eretmocerus sp. nr. californicus (AZ).86 
11. Population trends for Bemisia argentifolii in the presence and absence of 
Eretmocerus sp. nr. californicus (AZ).87 
12. Weekly percentage parasitism estimates and weekly estimates of numbers of 
Eretmocerus sp. nr. californicus (AZ) emerging into greenhouses.88 
13. Host:parasitoid ratio estimates and percentage mortality of Bemisia argentifolii 
nymphs in the presence of Eretmocerus sp. nr. californicus (AZ).89 
14. Survivorship curves for Bemisia argentifolii cohorts on poinsettia in the presence and 
absence of Encarsia formosa Beltsville strain.117 
15. Population trends for Bemisia argentifolii in the presence and absence of Encarsia formosa 
Beltsville strai .118 
16. Weekly percentage parasitism estimates and weekly estimates of numbers of Encarsia formosa 
Beltsville strain emerging into greenhouses.119 
17. Host:parasitoid ratio estimates and percentage mortality of Bemisia argentifolii nymphs in the 
presence of Encarsia formosa Beltsville strain.120 
xvi 
18. Mean number of parasitoids on discovered patches.143 
19. Percentage of discovered patches.144 
20. The proportion of nymphs dying in artificial patches.145 
21. The area of search for parasitoids.....146 
22. Parasitoid functional response curves.......147 
XVI1 
CHAPTER 1 
A PHOTOGRAPHIC TECHNIQUE FOR CONSTRUCTING LIFE-TABLES FOR BEMISLA 
ARGENT1FOLII (HOMOPTERA: ALEYRODIDAE) ON POINSETTIA 
Abstract 
A technique for establishing whitefly cohorts, photographing settled whitefly nymphs, and life- 
table construction from photographed nymphs on greenhouse grown poinsettia was presented. 
Introduction 
Whiteflies (Homoptera; Aleyrodidae) are serious pests in a variety of agricultural crops (Onillon 
1990). Several species of whitefly have been the target of classical biological control efforts (Gould et al. 
1992, Summy et al. 1984), while others have been subject to inundative biological control (Hoddle & Van 
Driesche 1996). A common criticism of biological control is the lack of quantitative evaluation studies 
after natural enemies have been released (Luck et al. 1988). Life-table studies provide a powerful 
technique for such evaluations because they provide detailed description of age specific mortality of 
individuals in the population (Carey 1993). When information on the pest’s fecundity is available, the 
effect of the natural enemy can be expressed in terms of its effect on the pest’s population growth rate 
(Van Driesche & Bellows 1996). 
Due to the sessile nature of immature whiteflies, life-tables can be constructed from photographs 
of cohorts of nymphs on leaves (Gould et al. 1992, Summy et al. 1984). Summy et al. (1984) noted that 
the photographic technique has several advantages over sampling whitefly cohorts with a lOx hand lense: 
1) reduced variability in sampling, 2) increased accuracy of lifestage determination, 3) improved accuracy 
as whitefly cohorts become larger, 4) decreased data collection time, and 5) permanent sampling record 
should verification of results be needed at a later date. 
1 
Hoddle & Van Driesche (1996) used a numbering technique to follow the fates of individual 
whiteflies. This method had the following disadvantages when compared to the photography method: 1) 
numbering of whiteflies on leaves and data collection are very slow, 2) leaves can be damaged when 
whiteflies are numbered, 3) nymphs need to be adequately spaced so numbers can be written beside them, 
4) numbers can fade and disappear over the course of the evaluation, 5) fate of individual nymphs cannot 
be verified at a later date, and 6) data cannot be re-analyzed to address different hypotheses. 
The Floricultural Program at the University of Massachusetts, Amherst, has been developing an 
integrated pest management program for Bemisia argentifolii Bellows & Perring (the silverleaf whitefly) 
on greenhouse grown poinsettia. One aspect of the project is evaluation of aphelinid parasitoids for B. 
argentifolii control. We elected to construct life-tables for B. argentifolii on poinsettia in the presence and 
absence of aphelinid parasitoids using a photographic method. We felt it necessary to describe our 
photographic technique, modified from Gould et al. (1992) and Summy et al. (1984), in detail because 
instructions on how to establish whitefly cohorts, use the photographic method, and construct life-tables 
from the resulting slides were not available in other publications, lacked sufficient detail to be of 
immediate use, or were impractical. The photographic technique described here should be appropriate for 
any invertebrate whose immature stages are sessile and found in large numbers, e.g. scales (Homoptera: 
Coccoidea), and data from photography should also be amenable to time specific stage frequency analysis 
(Manly 1990). 
The Photographic Technique 
To establish whitefly cohorts, poinsettia plants were chosen whose petioles extended l-2cm 
beyond the rim of the pot so that the leaf to be photographed could be placed on a flat surface when the 
plant was laid on its side. One suitable leaf each on 10-12 plants per greenhouse was tagged. A clip cage 
modified from Mowry (1993) was placed on each tagged leaf and the cage perimeter marked with an 
2 
indelible marker. To establish whitefly patches of different densities, one to four mating pairs of whiteflies 
were placed in each cage for 2-3 days (at 25°C) for oviposition, after which cage and adults were removed. 
The number of eggs within the marked perimeter of the cage was recorded using a dissecting 
microscope. After 7-10 days in the greenhouse, tagged leaves were examined for nymphal eclosion. The 
number of first instars that settled from eggs were counted, and photography in the greenhouse 
commenced. 
The part of the tagged leaf on which most nymphs settled was photographed. An area 35 mm x 
23 mm around the settled nymphs was delineated using a photographic slide frame. The four inside 
corners of the slide frame were marked with a red indelible marker. The four red dots lined up with the 
camera viewing area when the recommended camera set up was used. A label was placed within the 
marked area on the leaf with the same number and color as the tag on the petiole. The label was made by 
placing tape on a microscope slide and cutting out small squares (5mm x 5mm) with a razor blade. 
Squares were numbered with an indelible marker (0.05mm) and placed on the leaf (Fig. 1.) 
The camera used was a Nikon F3® outfitted with a 55mm macrolense, a SB21a macro 
speedlight®, one PKlla extension tube®, and Fuji Velvia® 50asa slide film. F-stop and aperture settings 
were at 16 and 22, respectively. To check the camera set up in the laboratory, the area enclosed by a slide 
frame was marked on a piece of graph paper. The camera was positioned over the marked area and 
focused by moving the camera either toward or away from the marked area. (If the camera viewing area 
does not exactly match the marked area when focused, a template can be constructed from the number of 
squares enclosed by the viewing area on the graph paper, and used to mark area to be photographed 
instead of the slide frame.) 
Photography commenced immediately after nymphal eclosion and settlement in the greenhouse. 
The plant was placed on its side and the leaf positioned on a flat surface (such as the bottom of a shallow 
box) so the underside of the leaf faced up. The leaf was held in place with small, flat weights. The camera 
viewing area was aligned with the four red dots and focused by moving the camera toward or away from 
the leaf. Two photographs were taken of each cohort in case either photograph was unusable, and 
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photography was repeated two times per week. Photography of cohorts ceased when all nymphs died, 
emerged as adult whiteflies, produced adult parasitoids or disappeared due to unknown causes. At each 
photographic session the date of photography, plant number (from the pot), film roll number, photograph 
number, and cohort number (from petiole tag or label on leaf) were recorded. This system provided a cross 
referencing scheme should labels fall off either the leaf or petiole. When the film was sent for developing, 
the number of each roll of film was written on the processor’s envelop to determine date of photography. 
The film processor was instructed to number each slide as it was developed so that cohort number could be 
determined should the label be illegible. The photographic date and cohort number were recorded on each 
slide, and slides were catalogued according to cohort number. 
Slides were analyzed by cohort in chronological order using a backlit dissecting microscope 
(lOx). The fate of each individual whitefly nymph was recorded on a leaf map drawn for each 
photographic date (Fig. 2). The number of nymphs entering each instar, the number dying in each instar, 
and cause of mortality for each individual was summarized (Table 1.) Occasionally, some nymphs from 
the original egg mass developed outside the photographed area. The theoretical number of eggs required 
to have produced the number of settled first instars actually photographed was calculated by dividing the 
number of first instars photographed by the proportion of total nymphs that emerged and settled on the 
leaf. Individual cohort life-tables were combined to form summary life-tables for treatments or time 
periods as needed for specific experiments. 
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Leaf label 
with cohort 
number 
Alignment dots for 
camera viewing area 
Poinsettia leaf 
Settled whitefly 
nymphs 
Marked perimeter 
of clip cage 
Petiole tag with 
cohort number 
Figure 1: A camera-ready poinsettia leaf. 
31 Aug 1995 
Figure 2: Leaf maps showing the fates of individual whitefly nymphs exposed to parasitoids on each 
photographic date. 1 =settled first instar, 2 =second instar, 3 =third instar, 4 =fourth instar, P =pupa, P* 
=parasitized pupa, PIT =emerged parasitoid, C =whitefly pupal case, ? =immature whitefly disappeared 
from leaf, and D undetermined death of an immature whitefly. 
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Table 1: A summary life-table constructed from bi-weekly photographs of whitefly cohort number three, 
as mapped in Fig. 2. 
Stage No. Alive 
in Stage 
No. Dying 
in Stage 
Cause of Mortality 
Eggs/crawlers 15 3 undetermined death: 3 
Settled crawlers 12 3 undetermined death: 2 
disappeared: 1 
Second instar 9 2 undetermined death: 2 
Third instar 7 
Fourth instar 7 2 undetermined death: 1 
disappeared: 1 
Pupae 5 3 parasitized: 3 (wasps emerged) 
Adult Whiteflies 2 
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CHAPTER 2 
EVALUATION OF ENCARSLA FORMOSA (HYMENOPTERA: APHELINIDAE) TO CONTROL 
BEMIS1A ARGENTIFOUI (HOMQIglRA: ALEYRODIDAE) ON POINSETTIA (EUPHORBIA 
PULCHERR1MA): A LIFE-TABLE ANALYSIS 
Abstract 
Weekly releases of 4-7 adult females per plant of the parasitoid Encarsia formosa Gahan failed to 
control a low density population (initially, 0.51 nymphs and pupae per plant) of the whitefly Bemisia 
argentifolii Bellows & Perring on greenhouse grown poinsettia in Massachusetts. A life-table constructed 
for uncaged B. argentifolii in the presence of E. formosa indicated that survivorship from the first/second 
instar to adult emergence was 14%. In contrast, in a life-table constructed for B. argentifolii on caged 
poinsettia from which E. formosa was excluded, survivorship was 67%. Release of E. formosa reduced the 
number of insecticide applications on poinsettia by 75%, but the cost of using E. formosa (on a per m2 
basis) was 9.5 times that of insecticides alone. 
Introduction 
The primary phytophagous pest affecting poinsettia (Euphorbia pulcherrima Willd. ex Klotzsch) 
is the silverleaf whitefly, Bemisia argentifolii Bellows & Perring [= the ‘B’ strain of Bemisia tabaci 
(Gennadius)] (Homoptera: Aleyrodidae) (Perring et al. 1993, Bellows et al. 1994). In Massachusetts, 200 
greenhouses produce approximately one million individually potted poinsettias annually, which have a 
wholesale value of $5 million. Poinsettia is the highest ranked ornamental sold in the last quarter of the 
year in this state (unpublished University of Massachusetts Integrated Pest Management Program Annual 
Report [1994]). Because poinsettia is grown for its aesthetic qualities, growers have an extremely low 
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tolerance for the presence of whitefly nymphs, adults, or honeydew. Insecticides are often applied on a 
calendar schedule, with applications being made every 3-5 days to reduce B. argentifolii populations to 
acceptably low levels. Adverse effects of such intensive pesticide use against this pest have been 
documented (Parrella et al. 1992; Heinz & Parrella 1994 a,b). 
The University of Massachusetts Cooperative Extension System for floricultural crops has 
initiated an integrated pest management program (IPM) to more effectively manage B. argentifolii on 
poinsettia. The first phase of this program has employed scouting to recommend pesticide application 
when susceptible whitefly stages exceed tolerable densities. Targeted spraying in this manner has reduced 
insecticide use by 18-50% with most poinsettia growers in the program (unpublished University of 
Massachusetts Integrated Pest Management Program Annual Report [1994]). The second objective of the 
IPM program is to reduce insecticide use even further by using biological control agents, in particular 
parasitic wasps, for suppression of B. argentifolii. 
One of the parasitoids that has been considered for use in the IPM program is Encarsia formosa 
Gahan. E. formosa is a commercially available parasitoid that is used to control the greenhouse whitefly, 
Trialeurodes vaporariorum (Westwood), a serious pest of greenhouse vegetable crops. E. formosa is used 
worldwide to control T. vaporariorum on vegetable crops in greenhouses (van Lenteren & Woets 1988). 
Under laboratory conditions, with B. tabaci (strain B) as a host on poinsettia, E. formosa develops more 
slowly, exhibits higher mortality, reduced longevity, and is less fecund than parasitoids that develop on T. 
vaporariorum (Boisclair et al. 1990, Szabo et al. 1993). 
Several studies on the use of E. formosa to control B. tabaci (the strain was not identified in the 
studies detailed below, but is assumed to be strain B which became problematic on poinsettia in Europe 
after 1987 [see Boisclair et al. 1990, Szabo et al. 1993]) on poinsettia in greenhouses suggest this 
parasitoid is effective, contrary to the laboratory findings. Investigations by Benuzzi et al. (1990) in Italy, 
Albert & Schneller (1989) and Albert & Sautter (1989) in Germany, and Stenseth (1993) in Norway 
concluded that E. formosa successfully suppresses B. tabaci (unidentified strain) on poinsettia grown for 
the Christmas market when T. vaporariorum is present. Work by Parrella et al. (1991) in California, 
U.S. A., reports that E. formosa is an ineffective control agent for populations of B. argentifolii on 
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poinsettia plants grown for cutting production in the spring. Because poinsettia growing conditions in the 
northeastern U.S.A. at fall are more similar to those in Europe at fall than spring conditions in California, 
there was a need to evaluate the ability of E. formosa to control B. argentifolii populations on poinsettia in 
Massachusetts. To measure the efficacy of E. formosa, we constructed life-tables for B. argentifolii in both 
the presence and absence of the parasitoid. 
Materials and Methods 
Greenhouses and Cultivars 
Two greenhouses at one commercial poinsettia producer in Massachusetts were monitored to 
determine whether insecticides or E. formosa provided better control of B. argentifolii. One greenhouse 
received E. formosa as a control measure and is designated here as the biological control greenhouse. The 
second greenhouse was managed using synthetic pesticides and is designated as the insecticide 
greenhouse. Each was a 170m2 ‘A’ frame greenhouse (glass construction) with three benches, and was 
located in Cambridge, Massachusetts. The two side benches (lm x 27m) each held 156 pots (18 cm diam.) 
with 5 single-stem unpinched plants per pot. The middle bench (2m x 26m) held 264 pots (19 cm diam.) 
with 6 single-stem unpinched plants per pot for a total of 576 pots and 3144 plants per greenhouse. The 
poinsettia cultivars grown were white and marble ‘Angelika’; red, pink and white ‘Celebrate 2’; and pink 
‘Gutbier V-14\ The study started immediately after both greenhouses were filled with potted cuttings in 
August, 1994. Some plants were removed during the test from both houses to satisfy spacing 
requirements. 
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Population Density Estimation and Life-table Construction 
To estimate whitefly population densities, six leaves (2 from the bottom of the plant, 2 middle, 
and 2 top) of 30 plants in each greenhouse were inspected weekly for B. argentifolii. The number of eggs, 
first+second instars, third instars, fourth instars, red eyed pupae, and adults were recorded. T. 
vaporariorum was not observed in either greenhouse. 
Three treatments were established in the biological control greenhouse: uncaged plants 
(Treatment 1), cages without E. formosa (Treatment 2), and cages with E. formosa (Treatment 3). 
Treatment 2 acted as the control, and Treatment 3 was a check for a cage effect on whitefly development 
in the presence of the parasitoid. For Treatment 1, in addition to estimating whitefly densities on 
randomly selected leaves, fates of marked cohorts of nymphs were determined. To establish cohorts, 
naturally infested plants bearing first or second instar B. argentifolii were tagged and numbered. On 
tagged leaves, numbers were written with an indelible marker beside young nymphs. Numbered nymphs 
were examined weekly, and their developmental stage recorded. Young nymphs (approximately 1-30 
nymphs per leaf) found on 1-3 leaves of each of 3-5 plants were recruited every week for the life-table 
study. Observations were continued until the nymphs had either died of unknown causes, disappeared, 
been parasitized, or emerged as adult whiteflies. Parasitism was noted when the whitefly pupa turned 
brown or a parasite had emerged. The recorded fates of all nymphs (204) in Treatment 1 were used to 
create a partial life-table for B. argentifolii. 
For Treatments 2 and 3, nine pots (19 cm diam.), each with single-stem unpinched poinsettia 
plants (cultivars used; white ‘Angelica,’ red and pink ‘Celebrate 2’) were selected at random and enclosed 
by fine mesh bags (28 cm x 28 cm x 36 cm; mesh 6.2x6.2 threads per cm2). Each bag was supported by 
four 50 cm stakes that were driven into the potting medium. A rubber band was used to seal the bottom of 
the bag against the exterior of the pot. Into each bag one male and one female adult B. argentifolii were 
released. In Treatment 2, the resulting whitefly population was allowed to develop on poinsettia in the 
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absence of E. formosa. In Treatment 3, three E. formosa were introduced into each of the nine cages 
weekly. 
For Treatments 2 and 3, whitefly population density estimates were made, and cohorts of nymphs 
established in the same manner as Treatment 1. Numbered nymphs on tagged leaves were observed 
weekly for survivorship and parasitism. Mortality data for numbered nymphs in Treatments 2 and 3 were 
used to create partial life-tables for B. argentifolii populations on caged poinsettia plants in the presence 
and absence of E. formosa. 
Calculating Marginal Probabilities of Mortality and k-values 
To separate mortality from each observed source (unknown death, disappearance, and parasitism) 
the marginal attack rates were calculated. The marginal probability of attack is the number of pests that 
would be attacked by an agent in the absence of all other contemporaneous mortality agents. It is the net 
probability of dying (as opposed to the crude probability of dying, which is the apparent mortality 
calculated from numbers observed to die from a cause) (Royama 1981, Elkinton et al. 1992). The 
marginal probability of attack was calculated for each factor (Table 1) as: 
m,= l-(l-d)di/d 
where mf marginal probability of attack from the zth cause, d;= death rate from the zth cause and d= 
death rate from all causes combined (Elkinton et al. 1992). 
Killing powers or k-values (the negative logarithm of the proportion surviving in each stage) for 
each mortality factors were determined as: 
kj= -logi0(l-marginal probability of attack by the zth cause), 
where ki= the k-value for the zth cause of mortality. 
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Wasp Releases, Percent Emergence, and Emergence Pattern 
Parasitoid releases in both the cages and open greenhouse began immediately after the biological 
control greenhouse was filled with poinsettias. Bunting Biological North America supplied release cards, 
each bearing 100 parasitized T. vaporariorum pupae. The number of cards put into the biological control 
greenhouse each week ranged from 140 to 268. Cards were hung on strings which were run between the 
pots and tied at the same height as the pot rims. In this position, wasps emerged below the foliage and 
were assumed to move upwards through the canopy searching for B. argentifolii nymphs. 
Every week, all cards were removed from the biological control greenhouse before new cards 
were put out. Ten cards were randomly selected from those recovered, and soaked in water and detergent 
for 30 minutes in the laboratory. Parasitized greenhouse whitefly and exuviae were rubbed off the card 
with a size 2 insect pin, and the mean number of parasitized greenhouse whitefly per card and the percent 
emergence of wasps were determined for each weekly release. These values were used to calculate the 
mean number of wasps released per plant per week. On two occasions, the emergence pattern of the 
parasitoid was determined by counting the number of wasps that emerged from the cards each day in the 
laboratory. 
Cost Analysis 
The cost of biological control vs. the cost of insecticides was determined by analyzing insecticide 
application records for both the insecticide and biological control greenhouses. The price of purchasing 
the required number of parasitoids was based on an averaged estimate from suppliers of beneficial insects. 
Labor costs associated with releasing parasitoids and applying insecticides were not included in the 
analysis. 
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Sales Inspection 
At week 16 of the growing period the finished plants were shipped to retailers. To determine the 
final whitefly density, six leaves on 15 plants from both the biological control and the insecticide 
greenhouses were inspected. The number of live nymphs and pupae on each leaf was recorded. 
Results 
Population Density Estimates and Life-table Construction 
Whitefly densities on caged poinsettia plants onto which one female whitefly had been introduced 
at the start of the experiment (Treatment 2, Fig. 3A) increased steadily, reaching 246 nymphs and pupae 
per plant by week 10. In contrast, whitefly densities on caged plants inoculated with three adult E. 
formosa per week (Treatment 3) were substantially lower by week six (Fig. 3 A), and averaged only 20 live 
nymphs and pupae per plant in week ten, 8% of the recorded density on the control plants (Treatment 2) 
(Fig. 3A). 
Whitefly populations on uncaged plants in the biological control greenhouse remained below six 
nymphs and pupae per plant until week 7 of the experiment. The number of immature whiteflies on these 
plants increased to approximately 39 nymphs and pupae per plant by week 10 (Fig. 3B). At that time, 
parasitoid releases were terminated, and two insecticide applications were made. In contrast, whitefly 
densities in the insecticide greenhouse increased to 32 nymphs and pupae per plant by week 4, but 
declined to low densities (< 5 nymphs and pupae per plant) by week six (Fig. 3B). This low level of 
infestation was maintained in the insecticide greenhouse through week 10 because of regular insecticide 
applications (see Fig. 3C). 
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The percentage of plants that were infested reached 100% in weeks 4 and 6 for the insecticide 
greenhouse and the biological control greenhouse respectively. The percentage of B. argentifolii infested 
plants steadily declined in the insecticide greenhouse after week six. This trend was not observed in the 
biological control greenhouse (Fig. 3C). 
In the biological control greenhouse, 86% of the whitefly nymphs that were followed individually 
died prior to adult emergence (see footnote Table 2); however, nymphal densities ultimately exceeded the 
grower’s damage threshold for the crop. In Treatment 2, in which a B. argentifolii population developed 
on caged poinsettia plants in the absence of E. formosa, 33% of the nymphs died of natural causes (see 
footnote Table 2). In Treatment 3, where three E. formosa per week were released into identical cages, the 
level of nymphal mortality was 98% (see footnote Table 2). 
Marginal Probabilities of Mortality and k-values 
Mortality from three factors (parasitism, unknown death, and disappearance) occurred 
contemporaneously. The marginal probability of attack, and k-values for these factors in Treatments 1-3 
are presented in Table 2. Treatment 3 consistently exhibited the highest levels of mortality for each of the 
immature lifestages (Table 2). The highest observed k-values were those for pupae, which exhibited high 
levels of parasitism in Treatments 1 and 3 (Table 2). 
Wasp Releases, Percent Emergence, and Emergence Pattern 
Number of parasitized pupae per card, percentage of wasps emerging, number of release cards 
put into the greenhouse each week, number of wasps released per plant, and number of wasps released per 
m2 are shown in Table 3. Two shipments of E. formosa exhibited different emergence patterns in the 
laboratory. Group one exhibited a unimodal emergence pattern with wasp numbers peaking 5 days after 
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receipt (mean daily maximum temperature^ 24.7°C ± 0.7; mean daily minimum temperature= 23°C ±0.7 ) 
(Fig. 4A). Group two exhibited a bimodal emergence pattern, with wasp numbers peaking on days 2 and 5 
after receipt (mean daily maximum temperature= 24.4°C ± 0.7; mean daily minimum temperature= 
23.3°C ± 0.3) (Fig. 2A). Over 97% of E. formosa had emerged after 7 days (Fig. 4B). In the biological 
control greenhouse, the mean daily maximum temperature was 22.8°C ± 0.6; mean daily minimum 
temperature= I7°C ± 0.5. 
Cost Analysis 
The costs of controlling B. argentifolii with E. formosa or insecticides are presented in Table 4. 
Weekly releases of 4-7 E. formosa per plant for nine weeks, followed by two insecticide applications were 
9.5 times more expensive than using insecticides alone. 
Sales Inspection 
At week 16 of the growing period, the numbers of live nymphs on plants from both the biological 
control and insecticide greenhouse were low at the time of shipment. The mean numbers of nymphs per 
leaf were 0.01± 0.11 in the insecticide greenhouse and 0.02+ 0.21 in the biological control greenhouse. 
There was no obvious difference in foliage quality between the biological control and the insecticide 
greenhouses. 
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Discussion 
Release of high numbers of E. formosa (4-7 wasps per plant per week) did not successfully 
control a population of B. argentifolii on poinsettia, even though parasitoid releases were initiated at the 
beginning of the growing period, when the infestation of B. argentifolii nymphs was very low (0.09 per 
leaf or 0.51 per plant). 
The high mortality (98%) observed in Treatment 3 (caged plants with wasps) (Table 2) may have 
occurred because cages prevented wasps from abandoning plants, thereby increasing residence and 
searching time on plants. The differences between the observed k-values (Table 2) of Treatment 2 (caged 
plants with no wasps), and those of Treatment 1 (uncaged plants) and Treatment 3 (caged plants with 
wasps), with respect to unknown death for all nymphal stages may be due to aborted parasitism (in older 
nymphs) or host feeding by E. formosa. In addition, some whitefly death observed in Treatment 3 may be 
due to superparasitism. 
Another problem inherent with the use of cages to enclose single plants is the need to introduce 
adult whiteflies. An introduction rate of just 1 female and 1 male per plant to establish an experimental 
population resulted in the caged plants having an initial adult whitefly density nine times that of the 
biological control greenhouse; before E. formosa was released, the mean number of adult whiteflies in the 
biological control house was 0.22± 0.45 adults per plant. Consequently, this may have exaggerated the 
observed densities in the control cages (Treatment 2). However, this would not affect comparisons 
between Treatments 2 and 3, as both were inoculated with equal numbers of whiteflies 
The limited control provided by E. formosa was 9.5 times more expensive than insecticides on a 
per m2 basis (Table 4). Albert & Sautter (1989) achieved cheaper control of B. tabaci (the strain of 
whitefly was not identified) on poinsettia with E. formosa than with chemicals, but T. vaporariorum, a 
preferred host for E. formosa, was present in the crop. This may have affected parasitoid population levels 
in the greenhouse. 
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At sale of the crop, whitefly densities in the chemical greenhouse and biological control 
greenhouse had 0.01± 0.11 and 0.02± 0.21 nymphs per plant respectively. Plants from both houses were 
marketed successfully. In the biological control greenhouse, insecticide use was reduced by 75% by release 
of wasps (from eight to two insecticide applications), but pest control costs were increased from $0.09 to 
$1.02 per plant. 
Several agronomic practices associated with poinsettia production should favor biological control 
of B. argentifolii in Massachusetts. First, poinsettias are grown from June (if cuttings are being produced) 
until December and entire greenhouses are devoted to poinsettia production. Monocultural production 
simplifies pest management because B. argentifolii is the only arthropod causing foliar damage, and this 
nullifies incompatible management programs for pest complexes (Heinz & Parrella 1994a, Parrella et al. 
1991). 
Second, the majority of growers in Massachusetts purchase poinsettia cuttings in July or August 
from suppliers who typically sell plants with very low densities of adult and immature B. argentifolii. 
Therefore, initial B argentifolii densities are sufficiently low that a favorable ratio of parasitoids to 
whiteflies could be established. Third, fungal diseases of poinsettia foliage can be controlled with 
fungicides that are compatible with biological control agents (Parrella et al. 1991). Fourth, winters in the 
northeastern U.S.A. prevent continual immigration of B. argentifolii into greenhouses from outdoor host 
plants, and growers need only manage the whitefly population that has established in the greenhouse 
before the onset of cold weather. 
In view of these considerations, two major constraints to successful biological control of B. 
argentifolii on commercially grown poinsettia in Massachusetts are: (1) the commercial non-availability 
of an effective natural enemy for B. argentifolii, and (2) lack of information as to which release strategies 
would maximize the impact of a suitable control agent. A suitable release program should span the entire 
window of pest susceptibility to ensure maximum mortality by host feeding and parasitism. Variable 
release rates and timings may be necessary to achieve this objective as foliage density, pest density, and 
levels of parasitism change over the season. Variable release rates of a parasitoid may result in higher 
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levels of parasitoid recycling through reproduction. Natural reproduction in the greenhouse could augment 
weekly releases and reduce the cost of parasitoid releases. 
Complete reliance on biological control may not be feasible for this ornamental crop, but 
incorporation of natural enemies in the context of an IPM program for poinsettia should be an attainable 
goal. Colonies of aphelinid parasitoids that attack B. argentifolii exist at several research institutes in the 
United States. Further work in greenhouses is needed to evaluate the efficacy of these parasitoids for B. 
argentifolii control on poinsettia. 
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Table 4: Comparison of the costs of whitefly control in the insecticide greenhouse and the biological 
control greenhouse1. 
Insecticide House Biological Control House 
Total cost of sprays $268.47 $43.28 
Total cost of E. formosa NA $2520 
Total treatment cost $268.47 $2563.28 
Treatment cost per plant $0.09 $1.02 
Cost m2 $1.58 $15.08 
Insecticide costs per m2 in Massachusetts range from $0.32 - $2.26 in poinsettia crops (unpublished 
University of Massachusetts Integrated Pest Management Program Annual Report (1994)). 
1 Insecticide costs are based on 1993 catalogue prices. The E. formosa price was based on a rate of $12.00 
per 1000 wasps. 
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A 
C * * * 
Figure 3: Population trends for Bemisia argentifolii on caged plants in the presence and absence of 
Encarsia formosa and uncaged plants in the biological control and insecticide greenhouses. (A) the mean 
number of B. argentifolii nymphs and pupae (± S.E.M.) on caged poinsettia plants in the absence 
(Treatment 2) and presence of E. formosa (Treatment 3). (B) The mean number of B. argentifolii nymphs 
and pupae (± S.E.M.) per plant in the insecticide house and the biological control house (Treatment 1). 
(C) Percentage of plants infested with adult or immature stages B. argentifolii in the biological control 
and insecticide greenhouse; asterix indicates dates of insecticide applications in the insecticide 
greenhouse. 
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Figure 4: Daily and cumulative emergence of Encarsia formosa in the laboratory. (A) daily emergence of 
E. formosa and cumulative percent (B) emergence of E. formosa in the laboratory. 
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CHAPTER 3 
BIOLOGICAL CONTROL OF BEMISIA ARGENT1FOLII (HOMOPTERA: ALEYRODIDAE) ON 
POINSETTIA WITH INUNDATIVE RELEASES OF ENCARSIA FORMOSA (HYMENOPTERA: 
APHELINIDAE): ARE HIGHER RELEASE RATES NECESSARILY BETTER? 
Abstract 
The effectiveness of inundative releases of the parasitoid Encarsia formosa for control of Bemisia 
argentifolii on poinsettia was determined in replicated experimental greenhouses. We evaluated two 
release rates oiE. formosa: a low release rate (1 wasp/plant/week, released in two greenhouses, in spring 
1995) and a high release rate (3 wasps/plant/week, released in two greenhouses, in fall 1993), each over a 
14 week growing season. Each release trial had one or two control greenhouses in which B. argentifolii 
developed on poinsettia in the absence of E. formosa. Life-tables were constructed for B. argentifolii in the 
presence and absence of E. formosa by using a photographic technique to follow cohorts of whiteflies on 
poinsettia leaves. Weekly population counts of the whitefly were also made. In the absence of E. formosa, 
egg to adult survivorship of B. argentifolii on poinsettia was 75-81%. At the low release rate, egg to 
survivorship of B. argentifolii was 5% and parasitism was 13%. At the high release rate, egg to adult 
survivorship for B. argentifolii was 8% and parasitism was 23%. The net reproductive rates (Ro) for B. 
argentifolii populations in the absence of E. formosa ranged from 18.01-26.12, indicating a rapidly 
increasing population. Net reproductive rates for whitefly populations subject to wasp releases were 1.54 
for the low release rate greenhouses, and 2.11 for the high release rate greenhouses, indicating 
substantially reduced B. argentifolii population growth. The low release rate provided better control of B. 
argentifolii than the high release rate. This difference was attributed to: 1) higher levels of mortality of 
whiteflies at the low release rate in the first 5-6 weeks of the growing period, and 2) mutual interference 
between wasps at the higher release rate. 
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Introduction 
The silverleaf whitefly, Bemisia argentifolii Bellows and Perring (= Bemisia tabaci (Gennadius) 
strain B) (Homoptera: Aleyrodidae) (Bellows et al. 1994) is a serious pest on poinsettia worldwide. 
Presently, B. argentifolii is effectively controlled in the United States with a systemic chloronicotinyl 
insecticide, imidacloprid (Lopes 1994). Due to widespread use of imidacloprid by greenhouse growers, 
development of resistance to this compound by B. argentifolii is expected (Sanderson and Roush 1995, 
Cahill et al. 1996). To reduce reliance on insecticides and delay resistance to effective insecticides, we 
have been evaluating the ability of parasitic wasps to control B. argentifolii on poinsettia. The purpose of 
this work has been to identify an efficacious parasitoid that can be used in an integrated pest management 
program for B. argentifolii on poinsettia (Hoddle and Van Driesche 1996). 
Encarsia formosa Gahan (Hymenoptera: Aphelinidae) is a commercially available, uniparental, 
thelytokous parasitoid, that is used worldwide to control greenhouse whitefly, Trialeurodes vaporariorum 
(Westwood), on greenhouse grown vegetable crops (van Lenteren and Woets 1988). The ability of this 
wasp to control B. argentifolii on poinsettia in greenhouses is uncertain as published results differ in 
outcome (Albert and Sautter 1989, Benuzzi et al. 1990, Hoddle and Van Driesche 1996, Parrella et al. 
1991, and Stenseth 1993). We tested a high (3 wasps/plant/week) and low (1 wasp/plant/week) release 
rate of E. formosa for control of B. argentifolii on poinsettia. Our intention was to use these results as a 
standard against which to measure the efficacy of two other species of aphelinid wasps which have 
recently become commercially available: Eretmocerus sp. nr. californicus (AZ) and a strain of Encarsia 
formosa from Beltsville, MD. 
We used replicated experimental greenhouses to construct paired life-tables for B. argentifolii on 
poinsettia in the presence and absence of E. formosa. Comparative life-table studies provide a powerful 
technique for such evaluations (Bellows et al. 1992) because they provide detailed description of age- 
specific mortality of individuals in the population (Carey 1993), and when information on the pest’s 
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fecundity is available, the effect of the natural enemy can be expressed in terms of its effect on the pest’s 
population growth rate (Van Driesche and Bellows 1996). Life-tables have been used previously to assess 
the effectiveness of biological control of whiteflies by aphelinid parasitoids (e.g., Summy et al. 1984, 
Gould et al. 1992, Hoddle and Van Driesche 1996). In addition to life-table construction, we made weekly 
population counts of immature and adult B. argentifolii and parasitized whitefly nymphs on poinsettia in 
the experimental greenhouses. 
Our objectives were to use life-tables and population counts to determine over the course of a 14 
week poinsettia crop: 1) the suppressive effect of E. formosa on B. argentifolii population growth when 
compared to whitefly population growth in the absence of this natural enemy. 2) if our low and high 
release rates of E. formosa differed in the level of control given, and 3) mechanisms behind the effects of 
these parasitoid release rates on whitefly population growth. 
Materials and Methods 
Experimental Greenhouses, Crop Management, and Initial Whitefly Infestation Levels 
Evaluations of E. formosa were conducted in small, identical plastic greenhouses at Cornell 
University, Ithaca, New York. Each greenhouse (5 x 4 x 3.5 m) held six benches (0.91m x 1.5m x 0.91m), 
each with 15 pots (15cm diameter, with single stem poinsettias), for a total of 90 plants per greenhouse. 
The fall 1993 trial included two control greenhouses (no wasps released) and two wasp release 
greenhouses (3 wasps/plant/week). The spring 1995 trial included three greenhouses, one control 
greenhouse and two wasp release greenhouses (1 wasp/plant/week). Four DDVP fumigant strips were 
hung in each control greenhouse to prevent parasitoid establishment. The poinsettia cultivar used for both 
tests was “Freedom Red,” and each trial ran for 14 weeks. 
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The fall 1993 and spring 1995 poinsettia crops were each started from rooted cuttings received 
from Paul Ecke Ranch, Encinitas, California, which had been produced without any use of systemic 
insecticides. After potting, plants were subjected to commercial management practices of fertilization 
(Peter’s Exel® [15-5-5] at 200ppm, Peter’s Stem® at O.Olg/liter, and MolyB® liquid concentrate at 
0.17ml/liter), root rot control (Subdue® [metalaxyl] applied at weeks 2 and 11 of each trial at a rate of 
0.15g/liter), and pinching (3 weeks after potting). Maximum and minimum temperatures were recorded 
daily. 
For each trial, estimates of initial B. argentifolii densities on poinsettia cuttings from the supplier 
were made prior to potting by recording the number of nymphs and adults on each leaf of 102 randomly 
chosen cuttings. 
Parasitoid Release Regimen 
Encarsia formosa was evaluated at two release rates. The high release rate consisted of weekly 
releases of three females per plant, and the trial was conducted in fall 1993 (14 August to 19 November, 
1993 inclusive). The low release rate was one female per plant per week and the test was run in spring 
1995 (17 February to 25 May, 1995 inclusive). Encarsia formosa pupae were supplied by Bunting 
Biological North America, Oxnard, California, and were shipped as parasitized T. vaporariorum nymphs 
glued to release cards. After receipt, wasps were allowed to emerge into petri dishes on the lids of which 
were thin streaks of honey. Prior to release, wasps were counted in petri dishes using a dissecting 
microscope in the laboratory. Petri dishes with wasps were then taken to greenhouses, distributed 
uniformly, and opened. Wasps were released in this manner until the desired weekly release total had been 
achieved for each greenhouse. 
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Establishing and Photographing Whitefly Cohorts; Constructing Life-tables and Survivorship Curves 
The fates of cohorts of whitefly nymphs (2-99 whitefly nymphs) on poinsettia leaves were 
determined using a photographic technique, and the resultant photographic slides were used to construct 
life-tables for cohorts of B. argentifolii in the presence and absence of E. formosa (after Summy et al. 
1984, Gould et al. 1992, and Hoddle et al. 1996). 
To establish a cohort of whiteflies, ten to thirteen poinsettia plants from each greenhouse were 
taken to the laboratory and clip cages were placed on one leaf of each plant. In each cage, 1-4 mating 
pairs of whiteflies were introduced and left to oviposit for 2-3 days at 25°C. Cages and whiteflies were 
then removed, the number of eggs recorded, and plants placed in their respective greenhouses. By varying 
the number of adult whiteflies in clip cages we produced whitefly patches of different densities. Whitefly 
patches on individual poinsettia leaves are referred to as sub-cohorts. Contemporary sub-cohorts within a 
greenhouse are collectively referred to as cohorts. 
Egg numbers on all plants returned to greenhouses were standardized by removing eggs from 
sub-cohorts with a 000 size insect pin so that similar egg totals were added to the greenhouses each time 
cohorts were established. Sub-cohorts were set up for photography at weeks one and two (designated 
whitefly cohorts 1+2), five (cohort 3) and nine (cohort 4) of the trial. These cohorts thus occurred during, 
approximately, the first, second, and third whitefly generations respectively. Eight to ten days after 
whiteflies were removed from clip cages, the numbers of first instars that had emerged and settled from 
the counted eggs were recorded. A 35mm x 23mm area of leaf on which most nymphs had settled was 
chosen to be photographed. Photography commenced immediately after the nymphs in each sub-cohort 
had settled. Each sub-cohort was photographed twice on each examination date (an insurance measure for 
unfocused slides), and photography was repeated two times each week. Photography of a sub-cohort 
ceased when all the nymphs had died, disappeared, emerged as adult whiteflies, or produced adult 
parasitoids. 
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The camera used was a 35 mm SLR outfitted with a 55mm macrolense, a dedicated ringflash, 
and one extension tube. F-stop and aperture settings were 16 and 22, respectively. The film used was 
50asa color slide film. 
Slides of each sub-cohort were analyzed in chronological order using a backlit dissecting 
microscope at lOx magnification. The fates of individual whitefly nymphs were recorded on leaf maps, 
with a distinct leaf map being drawn for each photographic date. The number of eggs required to produce 
the number of settled first instars that were observed in the first photograph of each cohort was calculated 
as the ratio of the number of nymphs photographed to that on the leaf as a whole, multiplied by the total 
number of eggs laid on the leaf (see Hoddle et al. 1996 for more details on photography method). 
The number of nymphs entering each instar, the number disappearing and dying in each instar, 
and the causes of all mortality were recorded and used to construct life-tables. Data from sub-cohorts were 
combined to produce life-tables for each whitefly cohort in each greenhouse and these life-tables were 
combined across replicates. Summary life-tables for each treatment were obtained by pooling cohorts of 
nymphs over the entire cropping season and across replicates. 
Survivorship curves for B. argentifolii were constructed from summary life-tables for each treatment. 
Percent survival for each developmental stage was calculated as the number of nymphs that lived to enter 
stage /', divided by the initial number of eggs used to establish the photographed nymphs. 
Calculating Marginal Probabilities of Mortality 
To separate mortality from each observed source (unknown death, disappearance, and parasitism) 
marginal mortality rates were calculated. The marginal probability of mortality is the number of whiteflies 
that would be attacked by an agent in the absence of all other contemporaneous mortality agents (Royama 
1981, Bellows et al. 1992, Elkinton et al. 1992). Since disappearance of whitefly nymphs was directly 
observable, marginal probability of disappearance was the same as observed disappearance rate. When 
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disappearance and unknown death occurred contemporaneously, marginal probability of death from 
unknown causes (mud) was calculated from observed mortality as: 
Mud = dud /(l-mD) [1] 
where dud is Death from Unknown Causes observed with photographic sampling, and mD is the marginal 
rate of Disappearance (= observed death rate) (Elkinton et al. 1992, Gould et al. 1992). 
The marginal probabilities of mortality for three contemporaneous factors were calculated as: 
m, = 1-(1 -d)dM [2] 
where w, is the marginal probability of mortality from the /th cause, d, is death rate from the /th cause, 
and d is death rate from all causes combined (Elkinton et al. 1992). 
Sex Ratio of Emerging Whiteflies, Net Fecundity Estimates, and Calculation of 
Net Reproductive Rates (Ro) 
Sex ratio (females/males+females) for B. argentifolii on poinsettia is positively correlated with 
temperature. The relationship between sex ratio and temperature for this whitefly and plant, for the 
temperature range 19-28°C, is described by the equation SR= 0.018T+ 0.247, r2= 0.972, where SR is sex 
ratio and T is temperature (Enkegaard 1993a). The average temperature ([daily maximum + minimum 
temperatures]/2) experienced by each photographed whitefly cohort over the course of its development 
was substituted into the above equation to estimate the sex ratio of the whiteflies which emerged from 
cohorts. 
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Enkegaard (1992) provided net fecundity (LXMX) estimates (where Lx is the fraction of females 
that survive to age x, and Mx is the gross fecundity at age x [Carey 1993]) for B. argentifolii reared on 
poinsettia at five controlled temperatures (16-28°C). Net fecundity is positively correlated with 
temperature, and is described by NF= 6.3474T- 102.11, t*= 0.968, where NF is net fecundity and T is 
temperature (Enkegaard 1992). The average temperature experienced by each photographed whitefly 
cohort over the course of its development was substituted into the above equation to estimate likely net 
fecundity for individual females emerging from cohorts. 
Net reproductive rate (Ro) is the per capita average number of female offspring born to a cohort 
of females during their lifetime, and describes the growth rate of the population (Carey 1993). Sex ratio 
and net fecundity estimates were calculated as described above, and Ro were calculated by dividing the 
theoretical fecundity of females emerging from photographed cohorts by the number of eggs used to 
establish those cohorts. Values of Ro<l indicate a declining population, Ro>l an increasing population, 
and Ro=l a stable population (Carey 1993). 
Monitoring Bemisia argentifolii Population Densities 
Population counts of immature and adult whiteflies on poinsettia leaves were made weekly. 
Numbers of first/second, third, fourth instar nymphs, pupae, exuviae from which either adult whiteflies or 
parasitoids had emerged, and adult whiteflies were recorded. 
Over the course of the trial, plants were divided by height into three strata, and all immature 
whiteflies were counted on a fixed number of tagged leaves within each stratum. Stratum one consisted of 
the leaves originally present on the newly potted cuttings. For stratum one, one leaf on each of 15 
randomly selected plants was tagged in each greenhouse and inspected weekly. After 5-6 weeks of plant 
growth, one leaf in the top portion of an additional 15 randomly selected plants was tagged in each 
greenhouse. These leaves were designated stratum two, and whitefly counts were made in both stratum 
one and two each week thereafter. After an additional 4-5 weeks of growth (around week 10-11 of the 
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trial), another 15 plants in each greenhouse had one leaf tagged at the top of the plant and inspected 
weekly. This upper most leaf layer was designated stratum three. At this time, 15 leaves were being 
examined weekly in each of three strata for a total of 45 leaves, one leaf on each of 45 plants in each 
greenhouse. 
Each time a new stratum was established, the total number of leaves in that stratum was recorded 
for 10 plants in each greenhouse. Leaf counts within plant strata were used, together with whitefly counts 
per leaf, to determine the mean number of whiteflies (by life stage) per plant on each sample date for each 
treatment. 
Estimating In-House Parasitoid Reproduction 
The number of wasps emerging each week into the greenhouse via in-house reproduction was 
calculated from the weekly estimates of numbers of whitefly nymphs from which wasps had emerged. 
Estimates of the number of newly emerged wasps per plant for each week of the trial were multiplied by 
the number of plants in the greenhouse to estimate the number of newly emerging wasps for the 
greenhouse as a whole. Since whitefly nymphs with parasite exit holes accumulated on leaves, each 
weekly estimate had the count from the preceding week subtracted to give net estimates of wasps 
emerging into the greenhouse. We assumed wasps lived for one week only. 
Estimating the Number of Hosts Available per Plant for Wasp Attack 
Encarsia formosa will parasitize second, third, and fourth instars, and will host feed on all 
immature lifestages including pupae (Boisclair et al. 1990, Enkegaard 1993b). The number of susceptible 
hosts per plant available for attack by wasps (averaged for each treatment, for each week of the trial) was 
calculated by summing the per plant densities of the susceptible whitefly stages. The host/wasp ratio was 
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then calculated by dividing the weekly estimate of susceptible stages by the estimated number of wasps per 
plant in the greenhouse. To estimate the number of wasps present in each greenhouse in specific weeks, 
the number of wasps released each week was added to the estimated number of wasps emerging from in- 
house wasp reproduction. 
Estimating Percent Mortality and Percent Parasitism in Experimental Greenhouses 
Average percent mortality (excluding parasitism) and parasitism estimates in each week of each 
trial were estimated for each wasp release treatment from the weekly B. argentifolii population counts. 
End of Crop Sales Inspection 
At week 14 of the trial, 15 randomly selected plants in each of the wasp release houses had 6 
leaves removed (2 leaves from each stratum) and examined under a dissecting microscope in the 
laboratory for live nymphs and pupae. Numbers of live nymphs and pupae recorded were compared to 
similarly collected data from 112 poinsettias observed at five retail outlets in Amherst Massachusetts, in 
December 1993. Mean number of nymphs per leaf were compared using a 1-way anova and Tukey’s HSD 
mean separation test at 0.05 level of significance. 
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Results 
Estimates of Initial Whitefly Infestation on Cuttings Prior to Potting 
Initial B. argentifolii infestation on cuttings prior to potting did not differ statistically between 
the low and high release rate trials for eggs, nymphs, and adults. Mean numbers of eggs (± SE) per leaf 
were 0.03± 0.02 and 0.03± 0.02 respectively for the low and high release rate trials (tvaiue= 0.22, ^0 05)= 
1.96 df= 1040). Mean numbers of nymphs per leaf (± SE) was 0.01± 0.01 and 0.00± 0.00 respectively for 
the low and high release rate trial (tvaiUe= 1-93, tcrit(o.o5)=1.96, df= 1040). Mean numbers of adults per leaf 
(± SE) were 0.02± 0.02 and 0.00± 0.00 respectively for the low and high release rate trials (tvaiue= 1, 
tcrit(0.05)= 1.96, df= 1040). 
Life-Tables for Bemisia argentifolii in the Presence and Absence of Encarsia formosa 
Life-tables for each whitefly cohort combined across replicated treatments are presented in Tables 
5-8. A summary life-table combining data across all whitefly cohorts and replicated treatments is 
presented in Table 9. Survival of immature parasitoids after parasitism had been observed in photographs, 
and percent parasitism data for combined whitefly cohorts in wasp release greenhouses is given in Table 
10. 
In the absence of parasitoids, whitefly mortality was highest in the egg/crawler stage and lowest 
in the pupal stage (Tables 5, 7, and 9). Egg to adult whitefly survivorship was greatest in the unreplicated 
control greenhouse for the 1 wasp/plant/week release rate trial at 81% (Tables 5 and 9). Egg to adult 
survivorship combined across whitefly cohorts for the two control greenhouses for the 3 wasp/plant/week 
release rate trial, was significantly lower (z-test for differences between population proportions) at 75% 
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(z= 3.66, Zcnt(o.o5)~ 1.65) (Tables 7 and 9). In the absence of parasitoids, egg to adult survivorship for B. 
argentifolii increased across successive cohorts as poinsettia plants matured (Tables 5 and 7). 
In the low release rate greenhouses, egg to adult survivorship averaged across both replicates was 
greatest in cohorts 1+2 at 20%, and declined to 0% in cohorts 3 and 4 (Table 6). Egg to adult survivorship 
averaged 5% across all cohorts for both low release rate greenhouses (Tables 6 and 9). In the high release 
rate greenhouses, egg to adult survivorship averaged across both replicates was greatest in cohorts 1+2 at 
26%, lowest in cohort 3 at 0.4%, and intermediate in cohort 4 at 6% (Table 8). Egg to adult survivorship 
averaged across all cohorts for both replicates was significantly higher in the high release greenhouses at 
8% than that in the low release rate treatment (z= 3.24, zcrit(o.o5r: 1-65) (Tables 8 and 9). 
The marginal probability of mortality for unknown death averaged across both low release rate 
greenhouses increased across successive whitefly generations for instars 1-4, as did the marginal rate of 
mortality for parasitism (Table 6). In the high release rate greenhouses, the observed trend was different, 
with the marginal probability of mortality from unknown death generally being greatest in cohort 3 for 
instars 1-4 and pupae (Table 8). 
The smallest difference in unknown death between the control greenhouses and wasp release 
greenhouses across all cohorts, replicates, and treatments, was in the egg/crawler stage, where marginal 
probability of mortality for unknown death was 1.2x lower in both control treatments than the respective 
wasp release rate greenhouses (Table 9). The largest difference in the marginal probability of mortality for 
unknown death between the low release rate control greenhouse and the low release rate greenhouses was 
in the fourth instar, where mortality from unknown death was 57x higher in the low release rate 
greenhouses (Table 9). The largest difference in unknown death between the high release rate control 
greenhouses and the high release rate greenhouses was in the pupal stage, where mortality from unknown 
death was 16x higher in the high release rate greenhouses (Table 9). 
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Survivorship Curves 
Survivorship curves (percentage entering successive lifestages) calculated from summary life- 
table data in Table 9 for each experimental treatment are presented in Fig. 5. Whitefly survivorship in 
control greenhouses was consistently higher for each developmental stage after the first instar when 
compared to the averaged survivorship across the replicated low and high release rate greenhouses. 
Survivorship curves for control greenhouses show highest real mortality (real mortality =d1/lc where d, is 
death in the /th stage, and lc is the size of the cohort at the commencement of the generation; real 
mortality for each lifestage is additive within a generation) (Southwood 1978) occurring from egg to 
settled first instar (8-9%), thereafter, real mortality in successive lifestages was around 11-14% (Table 9, 
Fig. 5). 
In the presence of E. formosa, the number of nymphs surviving to enter successive developmental 
stages declined rapidly after the settled first instar when compared to control greenhouses (Fig. 5). In low 
release rate greenhouses, real mortality was greatest from fourth instars to pupae, where fourth instar 
mortality contributed 25% to the observed total mortality (Table 9, Fig. 5). In the high release rate 
greenhouses, real mortality was greatest from fourth instar to pupae, where fourth instar mortality 
accounted for 28% of the observed total mortality (Table 9, Fig. 5). The largest observed real mortality 
difference between the low and high release rate greenhouses occurred in the first instar where the 
percentage of individuals becoming second instars differed between release rates by 7% (i.e. first instar 
mortality in the low release rate greenhouses was 19% of total observed mortality vs. 12% for the high 
release rate greenhouses) (Table 9, Fig. 5). 
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Net Reproductive Rates (Ro) 
Sex ratio, net fecundity (LxMx), and net reproductive rate (Ro) estimates for each whitefly cohort 
photographed in each treatment are presented in Table 11. Temperatures in the spring 1995 trial (1 
wasp/plant/week) increased over the course of the 14 week trial (Table 11). Higher temperatures result in 
sex ratios with a higher proportion of females with higher net fecundity (Enkegaard 1993a). As a 
consequence of this rise in temperature, Ro estimates for successive whitefly cohorts in the low release rate 
control greenhouse (unreplicated) increased, and averaged 26.12 over the cropping cycle (Table 11). In 
low release rate greenhouses, Ro values for each successive whitefly cohort decreased and B. argentifolii 
had an average Ro of 1.54, reflecting a 94.1% decrease from the growth rate of the control population 
(Table 11). 
Temperatures in the high release rate trial (3 wasps/plant/week, fall 1993) decreased over the 
course of the growing season. Lower temperatures result in sex ratios with a lower proportion of females 
and lower net fecundity of emerging females (Enkegaard 1993a) (Table 11). Ro estimates for successive 
whitefly cohorts in the high release rate control greenhouses decreased, and averaged 18.01 over the 14 
week cropping cycle (Table 11). In high wasp release rate greenhouses, Ro values averaged 2.12, a 88.3% 
decrease from the growth rate of the control population (Table 11). 
Trends in Whitefly Population Density 
Weekly population trends averaged across replicated treatments for live nymphs and pupae in the 
presence and absence of E. formosa are presented in Fig. 6. In the absence of parasitoids, densities of live 
nymphs and pupae increased rapidly in number after week 11 (Fig. 6A). Densities of immature whiteflies 
in the unreplicated low release rate control greenhouse (spring 1995) increased more rapidly than the 
replicated high release rate control greenhouses (fall 1993). This is attributable to greater egg to adult 
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survivorship (Table 9), a more female-biased sex ratio, and higher fecundity in the low release rate control 
greenhouse, compared to the high release rate greenhouses because of increasing temperatures (Table 11). 
At week 14, numbers of live nymphs and pupae per plant were 4.9x greater in the low release rate control 
greenhouse when compared to the high release rate control greenhouses. 
The low release rate of E.formosa (1 wasp/plant/week) suppressed B. argentifolii population 
growth more effectively than the high release rate (3 wasps/plant/week) (Fig. 6B). After week eight, 
increased whitefly population growth was observed in both wasp release greenhouses, and was greatest in 
the high wasp release rate greenhouses. Wasps in the low release rate greenhouses substantially reduced 
whitefly population growth after week 11 and this was not observed in the high release rate greenhouses 
(Fig. 6B). At week 14, the average numbers of live immature whiteflies nymphs and pupae per plant in 
the high release rate greenhouses was 15x higher than the low release rate greenhouses, and 5% that of 
the corresponding control greenhouses. At the same time in the low release rate greenhouses, the average 
number of live nymphs and pupae per plant was 0.08% that of the corresponding control greenhouses. 
Trends in Percentage Parasitism and Numbers of Emerging Parasitoids 
Percent nymphs parasitized, wasp emergence patterns, and estimates of total numbers of wasps 
emerging into the low and high release rate greenhouses are shown in Fig. 7. In low release rate 
greenhouses, three major peaks in parasitism are observed at weeks 5, 9 and 14 (Fig. 7A). Peak wasp 
emergence in the low release rate greenhouses occurred at weeks 7, 11, and 13, two weeks after peaks in 
parasitism. Wasp emergence at week 13 was very close to the number of wasps released into the low 
release rate greenhouses that week. In-house reproduction by E. formosa during the trial may have 
contributed to whitefly population growth suppression, particularly after week 11, when a rapid decline in 
numbers of live whitefly nymphs and pupae was observed (Fig. 6A). 
In the high wasp release rate greenhouses, parasitism was not observed until week 10 (as opposed 
to week 5 in the low release rate greenhouses) and peaked at week 11 at 12.5% (Fig. 7B). Wasp 
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emergence occurred two weeks later at week 13, where emergence from in-house reproduction exceeded 
the weekly release rate (Fig. 7B). As with the low release rate greenhouses, wasp emergence at this time 
may have contributed to the decline in live whitefly nymphs and pupae in the high release rate 
greenhouses after week 12 (Fig. 6B). 
Trends in Host:Parasitoid Ratio and Host Mortality 
The average numbers of nymphs per plant available for attack by individual wasps for each week 
of the trial in the low and high release rate greenhouses are shown in Fig. 8A. Average weekly trends in 
mortality from causes other than successful parasitism (i.e. host feeding and aborted parasitism) for B. 
argentifolii in the low and high release greenhouses are shown in Fig. 8B. 
During the first seven weeks of both trials, numbers of susceptible hosts available for attack per 
wasp were similar (Fig. 8A). However, percentage mortality was higher in the low release rate 
greenhouses over this time, and reached 100% at weeks 5-7. Similar levels of mortality were not observed 
in the high release rate greenhouses (Fig. 8B). As the number of hosts available for attack increased after 
week seven in both the low and high release rate greenhouses (Fig. 8A), whitefly mortality increased more 
rapidly (Fig. 8B), and numbers of live nymphs available for attack per wasp declined more quickly (Fig. 
8A) in the low release rate greenhouses. 
At week 14, the average number of hosts available for attack per wasp per plant was 4.7 times 
higher in the high release rate greenhouses, and percentage mortality was 1.6 times higher in the low 
release rate greenhouses. 
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End of Crop Sales Inspection 
At sale (week 14), the mean number of live nymphs and pupae per leaf combined across 
replicated greenhouses were 0.09± 0.04 and 0.82± 0.29 respectively for the low and high release rate 
greenhouses. The mean number of live nymphs and pupae per leaf on plants inspected in retail outlets was 
0.69± 0.20 (infestation data from retail outlets was collected before imidacloprid was registered for 
greenhouse use in Massachusetts). The mean number of nymphs per leaf did not differ significantly 
between parasitoid release treatments or plants treated with insecticides (F= 1.47, df= 1032, p=0.23). 
Immature whiteflies in the high release rate greenhouses were found on a larger percentage of plants 
(70%) than insecticide treated plants (30%) (Table 12). This indicates that the high release rate of E. 
formosa produced a poinsettia crop with similar final numbers of live immature whiteflies, but survivors 
were spread over a larger number of plants. Fewer plants in the low release greenhouses were infested 
when compared to percentage infested plants in the high release rate greenhouses and retail outlets (Table 
12). 
Discussion 
In small experimental greenhouses at Cornell University, life-table analyses showed that E. 
formosa released at 1 wasp/plant/week (low release rate) and 3 wasps/plant/week (high release rate) 
exerted a suppressive effect on B. argentifolii population growth on poinsettia when compared to 
greenhouses which did not receive the parasitoid (Table 9, Fig. 6). There was substantial reduction in net 
reproductive rates of B. argentifolii in greenhouses (88.3% reduction in high release rate greenhouses and 
94.1% in low release rate greenhouses) into which E. formosa was released when compared to 
greenhouses which did not receive the parasitoid (Table 11). 
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Enkegaard (1993b) reports that at temperatures spanning the average temperature range in the 
low and high release rate greenhouses, and when B. argentifolii is the host on poinsettia, E. formosa 
should be able to control B. argentifolii because the parasitoid’s developmental time is shorter, and its net 
reproductive rate (Ro) and intrinsic rate of increase (rm) are greater than those of B. argentifolii. Our 
results have shown that the low and high release rate of E. formosa gave control comparable to 
insecticides before imidacloprid was available in Massachusetts. Life-table data however, indicate the low 
release rate gave better control because net reproduction (Ro) by females from cohorts 1+2 was lower than 
the high release rate greenhouses (Table 11). 
Ro values for cohorts 1+2 in low (Ro= 6.25 [Table 11]) and high (Ro= 9.82 [Table 11]) release 
rate greenhouses were greater than one indicating population growth (Table 11) (Carey 1993). Females 
from cohorts 1+2 would have an expected longevity of approximately 22 days at 21-25°C (average 
temperature range in the experimental greenhouses) and lifetime fecundity of approximately 44 eggs 
(Enkegaard 1990, 1993a). Egg-laying over the course of the female’s lifetime would result in overlapping 
lifestages. Consequently, progeny would not be simultaneously available for attack by E. formosa and 
would be appearing in population counts over the three week oviposition period and whitefly population 
decline because of parasitoid action would not be observed immediately. 
Ro values for cohort 3 (the last cohort that would have the opportunity to reproduce on poinsettia 
before harvest) were less than one in both trials (Table 11) indicating that population density should 
decline. Declining population densities were observed after week 11 in the low release rate greenhouses 
(Fig. 6B) and after week 12 in the high release rate greenhouses (Fig. 6B) as progeny produced by females 
from cohorts 1+2 were killed by parasitoids. 
The decline in population growth took longer to occur and was smaller in the high release rate 
greenhouses (Fig. 6B) because more progeny were bom into these greenhouses over the 22 day life 
expectancy of females from cohorts 1+2 when compared to the low release rate greenhouses where Ro for 
cohorts 1+2 was 1.6 times lower (Table 11). The reason E. formosa killed fewer whiteflies in cohorts 1+2 
in the high release rate greenhouses may be attributable to mutual interference between searching 
parasitoids. 
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Mutual interference is a process that occurs as the numbers of parasitoids increase (Hassell and 
Varley 1969, Hassell 1971). One mechanism by which mutual interference operates is reduction in giving 
up time which stems from parasitoid aggregation at host patches (Hassell and Varley 1969). Reduced 
giving up time encompasses patch abandonment when high numbers of parasitized hosts are detected, 
interruption of oviposition and host searching by contact with other females (Hassell 1971). 
Behavioral studies with individual E. formosa (24-48 hours of age) searching for T. 
vaporariorum on tomato leaflets have shown that females are arrested on leaves by encounters with 
honeydew, unparasitized and parasitized whitefly nymphs, and residence time increases (van Vianen and 
van de Viere 1988, van Roermund et al. 1994, van Roermund and van Lenteren 1995). Following 
arrestment, walking activity does not differ from that of parasitoids on uninfested leaves (van Roermund 
and van Lenteren 1995). In our study, mutual interference would be expected to be greatest at the high 
release rate when plants are small (cohorts 1+2), because wasps would not be diluted over a large plant 
canopy, and the likelihood of searching females encountering con-specifics on host patches would be 
higher. Encounters with con-specifics on patches could cause patch abandonment before the patch was 
optimally exploited. Lower levels of mortality were observed in the high release rate greenhouses (74% 
mortality, Table 8) when compared to the low release rate greenhouses (80% mortality, Table 6) for 
cohorts 1+2. Yano (1987) reports that as the number of searching E. formosa for T. vaporariorum on 
greenhouse tomatoes increased, the number of nymphs killed by individual females decreased. 
Mutual interference may account for the varying levels of B. argentifolii control on poinsettia 
when different release rates of E. formosa are used. When two or fewer E. formosa are released per 
poinsettia per week, adequate control of B. argentifolii is achieved (Ronchi et al. 1994, Stenseth 1993). 
When the release rate is three wasps or more per plant per week, inadequate control of B. argentifolii 
results (Parrella et al. 1991, Hoddle and Van Driesche 1996). The results of the trials presented here, and 
those of Hoddle and Van Driesche (1996), both support the suggestion that as weekly release rates of E. 
formosa increase, overall B. argentifolii mortality decreases, and percentage parasitism increases (Fig. 9). 
Increase in percentage parasitism may result because patch abandonment due to mutual interference 
occurs before over-exploitation (superparasitism and host feeding of parasitized whitefly nymphs prior to 
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parasitoid egg hatch) is realized, thus greater numbers of hosts that were successively parasitized are 
conserved. In the laboratory, superparasitism by con-specific E. formosa females was observed to occur in 
up to 14% of T. vaporariorum hosts on tomato leaflets containing unhatched parasitoid eggs (van 
Roermund and van Lenteren 1995). 
Parrella et al. (1991), cite mutual interference as a possible constraint on using E. formosa 
inundatively for B. argentifolii control, particularly when poinsettias are small. Further behavioral studies 
on E. formosa are needed to determine how multiple females interact and behave on whitefly patches, and 
if mutual interference between searching females reduces giving up time on host patches. 
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WHITEFLY LIFESTAGE 
Figure 5: Survivorship curves for Bemisia argentifolii cohorts on poinsettia in the presence and absence of 
Encarsia formosa. Survival rate for each stage was calculated as the number entering each lifestage 
divided by the number of eggs at the start of each cohort (see Table 9). Ii= settled first instar, I2= second 
instar, I3= third instar, I4= fourth instar. 
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Figure 6: Population trends for Bemisia argentifolii in the presence and absence of Encarsia formosa. 
Mean number of live nymphs and pupae (± SEM) per poinsettia plant in the control (A) and wasp release 
(B) greenhouses at a low release rate (1 wasp/plant/week), and a high release rate (3 wasps/plant/week). 
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A 
B 
Figure 7: Weekly percentage parasitism estimates and weekly estimates of numbers of Encarsia formosa 
emerging into greenhouses. Average weekly estimates of the percentage of Bemisia argentifolii nymphs 
parasitized by E. formosa in the low (A) and high (B) release rate greenhouses and the total number of E. 
formosa emerging weekly into the low (A) and high (B) release rate greenhouses. 
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25 A 
Figure 8: Host:parasitoid ratio estimates and percentage mortality of Bemisia argentifolii nymphs in the 
presence of Encarsia formosa. The average number of susceptible B. argentifolii nymphs and pupae per 
plant (A) available for host feeding and parasitism by individual wasps (E. formosa) for the low and high 
release rate greenhouses, and (B) the percentage mortality of B. argentifolii nymphs and pupae in the 
presence of E. formosa averaged in the low and high release rate greenhouses. 
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Figure 9: Total percent mortality and parasitism trends for Bemisia argentifolii on poinsettia in the 
presence of three different weekly release rates of Encarsia fonnosa (data from Table 9 and Hoddle and 
Van Driesche 1996). *% Mortality is death from all causes combined, i.e. parasitism, host feeding, 
aborted parasitism, and naturally occurring mortality in wasp release greenhouses. **% Parasitism is the 
proportion of immature whiteflies with developing parasitoids. 
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CHAPTER 4 
BIOLOGICAL CONTROL OF BEM1SLA ARGENTIFOLII (HOMOPTERA: ALEYRODIDAE) ON 
POINSETTIA WITH INUNDATIVE RELEASES OF ERETMOCERUS SP. NR. CAL1FORNICUS 
(STRAIN AZ) (HYMENOPTERA: APHELINIDAE): DO RELEASE RATES AND PLANT GROWTH 
AFFECT PARASITISM? 
Abstract 
The effectiveness of inundative releases of the parasitoid Eretmocerus sp. nr. californicus from 
Arizona (designated strain AZ) for control of Bemisia argentifolii on poinsettia in replicated experimental 
greenhouses was determined. We evaluated two release rates of E. sp. nr. californicus (AZ): a low release 
rate (1 female/plant/week, released in two greenhouses, in spring 1995) and a high release rate (3 
females/plant/week, released in two greenhouses, in spring 1994), each over a 14 week growing season. 
Each release trial had either one (1995) or two (1994) control greenhouses in which B. argentifolii 
developed on poinsettia in the absence of E. sp. nr. californicus (AZ). Life-tables were constructed for B. 
argentifolii in the presence and absence of E. sp. nr. californicus (AZ) by using a photographic technique 
to follow cohorts of whiteflies on poinsettia leaves. Weekly population counts of the whitefly were also 
made. In the absence of E. sp. nr. californicus, egg to adult survivorship of B. argentifolii on poinsettia 
was 75-81%. At the low release rate, egg to adult survivorship of B. argentifolii was 12% and parasitism 
was 34%. At the high release rate, egg to adult survivorship for B. argentifolii was 0.9% and parasitism 
was 10%. The net reproductive rates (Ro) for B. argentifolii populations in the absence of E. sp. nr. 
californicus (AZ) ranged from 20.5-26.1, indicating a rapidly increasing population density. Net 
reproductive rates for whitefly populations subject to wasp releases were 3.7 for the low release rate 
58 
greenhouses, and 0.25 for the high release rate greenhouses, indicating substantially reduced B. 
argentifolii population growth. At week 14 of the trial, densities of immature whiteflies were lower in the 
low release rate greenhouses. This was attributed to high levels of in-house reproduction by the parasitoid 
at the low release rate. 
Introduction 
The major whitefly pest of poinsettia (.Euphorbia pulcherrima Willd. ex Klotzsch.) in 
northeastern United States greenhouses is the silverleaf whitefly, Bemisia argentifolii Bellows and Perring 
(Homoptera: Aleyrodidae) [= the “B” strain of B. tabaci (Gennadius) (Bellows et al. 1994)]. This whitefly 
became a pest on poinsettia in Massachusetts in 1987, following its probable movement from Florida on 
plants in 1986 (Hoddle et al. 1996a). Prior to the registration of imidacloprid (a systemic chloronicotinyl 
insecticide which gives 10-12 weeks of whitefly control with a single application) in Massachusetts in 
1994 (Lopes 1994), this whitefly was controlled with foliar insecticide applications which were often 
applied on a 3-5 day calendar schedule (Hoddle and Van Driesche 1996). Eventual development of 
resistance to imidacloprid by B. argentifolii is expected because this whitefly has developed resistance to 
this compound on outdoor vegetable crops in Spain (Sanderson and Roush 1995, Cahill et al. 1996). 
As part of an integrated pest management (IPM) project to prevent resistance development and 
improve B. argentifolii management on poinsettia in Massachusetts, we have evaluated the ability of 
several species of natural enemies (parasitic wasps) for the biological control of B. argentifolii (Hoddle et 
al. 1996b) 
One natural enemy that has been considered for use in the IPM program is Eretmocerus sp. nr. 
californicus (AZ) (Hymenoptera: Aphelinidae). This wasp is a bi-parental parasitoid with a 50:50 sex 
ratio in culture (Simmons and Minkenberg 1994). Eretmocerus sp. nr. californicus (AZ) is native to the 
southwestern United States and is currently being mass reared and marketed for whitefly control. Species 
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of Eretmocerus dominate the psrssitoid fauna found attacking B. argentifolii on outdoor crops in Arizona 
(Hunter et al. 1996), and members of this genus develop as primary ecto-endoparasitoids of whiteflies 
(Rose and Rosen 1991-1992, Gerling 1986, Gerling et al. 1991). Female parasitoids oviposit under 
suitable hosts, and the larva, after hatching, penetrates the host’s ventral surface, and develops as a 
solitary endoparasitoid (Gerling 1966, 1986; Gerling et al. 1991). Species of Eretmocerus have been used 
in successful classical biological programs for whiteflies, e.g., Eretmocerus. serius Silvestri for control of 
citrus blackfly, Aleurocanthus woglumi Ashby and Eretmocerus debachi Rose and Rosen for control of 
bayberry whitefly, Parabemisia myricae (Kuwana) (Rose and Rosen 1991-1992). 
Augmentative releases of mass reared E. sp. nr. californicus (AZ) have been assessed for control 
of B. argentifolii on cotton in southern California (Simmons and Minkenberg 1994). Evaluations of 
inundative releases of E. sp. nr. californicus (AZ) for B. argentifolii control on ornamentals, in particular 
greenhouse grown poinsettias have not been made. 
We tested low (1 female/plant/week) and high (3 females/plant/week) release rates of E. sp. nr. 
californicus (AZ) for control of B. argentifolii on poinsettia. We used replicated experimental greenhouses 
and a photographic technique to construct paired life-tables for B. argentifolii on poinsettia in the 
presence and absence of E. sp. nr. californicus (AZ). In addition to life-table construction, we made 
weekly population counts of immature and adult B. argentifolii and parasitized whitefly nymphs on 
poinsettia in the experimental greenhouses. 
Our objectives were to use life-tables and population counts to determine over the course of a 14 
week poinsettia crop: 1) the suppressive effect of E. sp. nr. californicus (AZ) on B. argentifolii population 
growth when compared to whitefly population growth in the absence of this natural enemy; 2) if our low 
and high release rates of E. sp. nr. californicus (AZ) differed in the level of control provided, and 3) what 
mechanisms governed the effects of these parasitoid releases on whitefly population growth. 
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Materials and Methods 
Experimental Greenhouses, Crop Management, and Initial Whitefly Infestation Levels 
Evaluations of E. sp. nr. californicus (AZ) were conducted in small identical plastic greenhouses 
at Cornell University, Ithaca, New York. Each greenhouse (5 x 4 x 3.5 m) held six benches (0.91m x 1.5m 
x 0.91m), each with 15 pots (15cm diameter, with single stem poinsettias), for a total of 90 plants per 
greenhouse. The spring 1994 trial included two control greenhouses (no wasps released) and two-wasp 
release greenhouses (3 females/plant/week). The spring 1995 trial included three greenhouses, one control 
greenhouse and two-wasp release greenhouses (1 female/plant/week). Four DDVP fumigant strips were 
hung in each control greenhouse to exclude invading parasitoids. The poinsettia cultivar used for spring 
1994 trial (high release rate) was “Celebrate II” and for the spring 1995 trial (low release rate) “Freedom 
Red” was used. The two poinsettia cultivars did not differ in growth form or leaf trichome densities 
(Sanderson unpubl.). Each trial ran for 14 weeks. 
The 1994 and 1995 poinsettia crops were each started from rooted cuttings received from Paul 
Ecke Ranch, Encinitas, California, which had been produced without any use of systemic insecticides. 
After potting, plants were subjected to commercial management practices of fertilization (Peter’s Exel® 
[15-5-5] at 200ppm, Peter’s Stem® at O.llg/liter, and MolyB® liquid concentrate at 0.18ml/liter at every 
watering), root rot control (Subdue® [metalaxyl], applied at weeks 2 and 11 of each trial as a hand-poured 
drench at a rate of 0.15g/liter), and pinching (3 weeks after potting). Maximum and minimum 
temperatures were recorded daily. 
For each trial, estimates of initial B. argentifolii densities on poinsettia cuttings from the supplier 
were made prior to potting by recording the number of nymphs and adults on each leaf of 102 randomly 
chosen cuttings. 
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Parasitoid Release Regimen 
Two release rates of Eretmocerus sp. nr. californicus (AZ) were evaluated. The high release rate 
consisted of weekly releases of three females per plant, and the trial was conducted in spring 1994 (22 
March to 27 July, 1994 inclusive). The low release rate was one female per plant per week and the test 
was run in spring 1995 (17 February to 25 May, 1995 inclusive). Eretmocerus sp. nr. californicus (AZ) 
was massed reared at the University of Arizona, Tucson, by Dr. Oscar Minkenberg and shipped as loose, 
parasitized Trialeurodes vaporariorum (Westwood) (Homoptera: Aleyrodidae) nymphs. After receipt, 
parasitized nymphs were divided amongst several petri dishes with honey streaked on lids and wasps were 
allowed to emerge. Prior to release, the number of females were counted in each petri dish, using a 
dissecting microscope in the laboratory. Petri dishes with wasps (males and females) were then taken to 
greenhouses, distributed uniformly among the plants and opened. Wasps were released in this manner 
until the desired weekly release total of females had been achieved for each greenhouse. 
Establishing and Photographing Whitefly Cohorts; Constructing Life-Tables and Survivorship Curves 
_ • 
The fates of cohorts of whitefly nymphs (1-87 whitefly nymphs per patch) on poinsettia leaves 
were determined using a photographic technique, and the resultant photographic slides were used to 
construct life-tables for B. argentifolii in the presence and absence of E. sp. nr. californicus (AZ) (after 
Summy et al. 1984, Gould et al. 1992, and Hoddle et al. 1996c). 
To establish a cohort of whiteflies, ten to thirteen poinsettia plants from each greenhouse were 
taken to the laboratory and clip cages were placed on one leaf of each plant. In each cage, 1-4 mating 
pairs of whiteflies were introduced and left to oviposit for 2-3 days at 25°C. Cages and whiteflies were 
then removed, the number of eggs laid recorded, and plants placed in their respective greenhouses. By 
varying the number of adult whiteflies in clip cages we produced whitefly patches of different densities. 
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Whitefly patches on individual poinsettia leaves are referred to as sub-cohorts. Contemporary sub-cohorts 
within a greenhouse are collectively referred to as cohorts. 
Egg numbers on artificially infested leaves on plants were standardized by removing eggs from 
sub-cohorts with a 000 size insect pin so that similar egg totals were added to each greenhouse each time 
cohorts were established. Sub-cohorts were set up for photography at weeks one and two (designated 
whitefly cohorts 1+2), five (cohort 3) and nine (cohort 4) of the trial. These cohorts correspond to the first, 
second, and third generations of whiteflies. Eight to ten days after adult whiteflies were removed from clip 
cages, the numbers of first instar nymphs that had emerged and settled from the counted eggs were 
recorded. A 35mm x 23mm area of leaf on which most nymphs had settled was chosen to be 
photographed. Photography commenced immediately after nymphs in each sub-cohort had settled on 
leaves. Each sub-cohort was photographed twice on each sample date (an insurance measure against 
unfocused slides), and photography was repeated twice each week. Photography of sub-cohorts ceased 
when all the nymphs had died, disappeared, emerged as adult whiteflies, or produced adult parasitoids. 
The camera used was a 35 mm SLR outfitted with a 55mm macrolense, a dedicated ringflash, 
and one extension tube. F-stop and aperture settings were 16 and 22, respectively. Color slide film used 
(50asa) was used. 
Slides of each sub-cohort were analyzed in chronological order using a backlit dissecting 
microscope at lOx magnification. The fates of individual whitefly nymphs were recorded on leaf maps, 
with a distinct leaf map being drawn for each photographic date. The number of eggs required to produce 
the number of settled first instar nymphs that were observed in the first photograph of each sub-cohort was 
calculated as the ratio of the number of nymphs photographed to the total number of nymphs on the leaf, 
multiplied by the total number of eggs laid on the leaf (see Hoddle et al. (1996c) for more details on 
photography method). 
The number of nymphs entering each instar, the number disappearing and dying in each instar, 
and the causes of all observed mortality were recorded and used to construct life-tables. Data from sub¬ 
cohorts were combined to produce life-tables for each whitefly cohort in each treatment. Life-tables were 
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combined across replicates. Summary life-tables were developed by combining the three cohorts within 
treatments. 
Survivorship curves for B. argentifolii were constructed from summary life-table data for each 
treatment. Survivorship up to the beginning for each developmental stage was calculated as the number of 
whiteflies that lived long enough to enter stage /, divided by the initial number of eggs used to establish 
the photographed nymphs. 
Calculating Marginal Probabilities of Mortality 
To separate mortality from each observed source (unknown death, disappearance, and parasitism) 
marginal mortality rates were calculated. The marginal probability of mortality is the number of whiteflies 
that would be attacked by an agent in the absence of all other contemporaneous mortality agents (Royama 
1981, Bellows et al. 1992, Elkinton et al. 1992). Since disappearance of whitefly nymphs was directly 
observable, marginal probability of disappearance was the same as observed death rate. When 
disappearance and unknown death occurred contemporaneously, marginal probability of death from 
unknown causes (mud) was calculated from observed mortality as: 
mud~ dud l(\-mD ) [1] 
where dud is Death from Unknown Causes observed with photographic sampling, and mD is the marginal 
rate of Disappearance (= observed death rate) (Elkinton et al. 1992, Gould et al. 1992). 
The marginal probabilities of mortality for three contemporaneous factors were calculated as: 
m, = \-{\-d)di/d [2] 
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where m, is the marginal probability of mortality from the ith cause, d, is death rate from the ith cause, 
and d is death rate from all causes combined (Elkinton et al. 1992). 
Sex Ratio of Emerging Whiteflies, Net Fecundity Estimates, and Calculation of 
Net Reproductive Rates (Ro) 
Sex ratio (females/males+females) for B. argentifolii on poinsettia is positively correlated with 
temperature. The relationship between sex ratio and temperature for the temperature range 19-28°C is 
described by the equation SR= 0.018T+ 0.247, r2= 0.972, where SR is sex ratio and T is temperature 
(Enkegaard 1993). The average temperature ([daily maximum + minimum temperatures]/2) experienced 
by each photographed whitefly cohort over the course of its development was substituted into the above 
equation to estimate the sex ratio of the whiteflies which emerged from cohorts. 
Enkegaard (1992) provided net fecundity (LXMX) estimates (where Lx is the fraction of females 
that survive to age x, and Mx is the gross fecundity at age x [Carey 1993]) for B. argentifolii reared on 
poinsettia at five controlled temperatures (16-28°C). Net fecundity is positively correlated with 
temperature, and is described by NF= 6.3474T-102.11, r2= 0.968, where NF is net fecundity and T is 
temperature (Enkegaard 1992). The average temperature experienced by each photographed whitefly 
cohort over the course of its development was substituted into the above equation to estimate likely net 
fecundity for individual females emerging from cohorts. 
Net reproductive rate (Ro) is the average number of female offspring bom to a cohort of females 
during their lifetime, and describes the growth rate of the population (Carey 1993). Sex ratio and net 
fecundity estimates were calculated as described above, and Ro were calculated by dividing the theoretical 
fecundity of females emerging from photographed cohorts by the number of eggs used to establish those 
cohorts. Values of Ro<l indicate a declining population, Ro>l an increasing population, and Ro=l a stable 
population (Carey 1993). 
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Monitoring Bemisia argentifolii Population Densities 
Population counts of immature and adult whiteflies on poinsettia leaves were made weekly. 
Numbers of first/second, third, fourth instar nymphs, pupae, exuviae from which either adult whiteflies or 
parasitoids had emerged, and adult whiteflies were recorded. 
Over the course of the trial, plants were divided by height into three strata, and all immature 
whiteflies were counted on a fixed number of tagged leaves within each stratum. Stratum one consisted of 
the leaves originally present on the newly potted cuttings. For stratum one, one leaf on each of 15 
randomly selected plants was tagged in each greenhouse and inspected weekly. After 5-6 weeks of plant 
growth, one leaf in the top portion of an additional 15 randomly selected plants was tagged in each 
greenhouse. These leaves were designated stratum two, and whitefly counts were made in both stratum 
one and two each week thereafter. After an additional 4-5 weeks of growth (around week 10-11 of the 
trial), another 15 plants in each greenhouse had one leaf tagged at the top of the plant and inspected 
weekly. This upper most leaf layer was designated stratum three. At this time, 15 leaves were being 
examined weekly in each of three strata for a total of 45 leaves, one leaf on each of 45 plants in each 
greenhouse. 
Each time a new stratum was established, the total number of leaves in that stratum was recorded 
for 10 plants in each greenhouse. Leaf counts within plant strata were used to determine the mean number 
of whiteflies (by life stage) per plant for each treatment. 
Estimating In House Parasitoid Reproduction 
The number of wasps emerging each week into the greenhouse via in-house reproduction was 
calculated from weekly estimated densities of whitefly nymphs from which wasps had emerged. Estimates 
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of the number of newly emerged wasps per plant for each week of the trial were multiplied by the number 
of plants in the greenhouse to estimate the number of newly emerging wasps for the greenhouse as a 
whole. Since whitefly nymphs with parasitoid exit holes accumulated on leaves, each weekly estimate had 
the count from the preceding week subtracted from it to give net estimates of wasps emerging into the 
greenhouse. Weekly net estimates were then divided by two to estimate the numbers of females emerging 
into the greenhouses. 
Estimating the Number of Hosts Available per Plant for Wasp Attack 
Eretmocerus sp. nr. californicus from California (CA) will parasitize first, second, third, and 
fourth instars (Headrick et al. 1995), and host feed on all immature lifestages, although this may be 
affected by the host plant (Headrick et al. 1995, 1996). Whitefly pupae are immune to attack by this 
particular species of Eretmocerus (Gerling 1966). The number of susceptible hosts per plant available for 
attack by females averaged across replicates for each treatment, for each week of the trial, was calculated 
by adding the per plant densities of all whitefly stages suitable for parasitoid attack. The host/wasp ratio 
was then calculated by dividing the weekly estimate of susceptible stages by the estimated number of 
females per plant ih the greenhouse. To estimate the population of wasps present in each greenhouse in 
specific weeks, the number of females released each week was added to the estimated number of females 
emerging from in-house wasp reproduction. We assumed that females survived in greenhouses for one 
week only. 
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Estimating Percent Mortality and Percent Parasitism in Experimental Greenhouses 
Estimates of average percent mortality from causes other than successful parasitism (i.e. host 
feeding and aborted parasitism) and parasitism estimates were calculated for each week of the trials, for 
each wasp release treatment from the weekly B. argentifolii population counts. 
End of Crop Sales Inspection 
At week 14 of the trial, 15 randomly selected plants in each of the low release rate greenhouses 
and 18 plants in each of the high release rate greenhouses had 6 leaves removed (2 leaves from each 
stratum). Leaves were examined under a dissecting microscope in the laboratory and the numbers of live 
nymphs and pupae determined. Similar estimates were made for 72 poinsettias observed in five retail 
outlets in Amherst Massachusetts, in December 1994. Mean number of nymphs per leaf were compared 
using a 1-way anova and Tukey’s HSD mean separation test at 0.05 level of significance. 
Results 
Estimates of Initial Whitefly Infestation on Cuttings Prior to Potting 
Initial B. argentifolii infestation levels of eggs, nymphs, and adults on cuttings prior to potting 
did not differ statistically between plants used in the low and high release rate trials. Mean numbers of 
eggs per leaf (± SE) were 0.03± 0.02 and 0.03+ 0.01 respectively for the low and high release rate trials 
(tVaiue= 0.16, tcrit(o o5)= 1.96 df= 1076). Mean numbers of nymphs per leaf (± SE) were 0.01± 0.004 and 
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0.01± 0.01 respectively for the low and high release rate trials (tvalue= 0.66, tc^o.osr 1.96, df= 1076). 
Mean numbers of adults per leaf (± SE) were 0.02± 0.02 and 0.01± 0.003 respectively for the low and 
high release rate trial (tvaiue= 1.01, tcnt(o.o5)= 196, df= 1076). 
Life Tables for B. argentifolii in the Presence and Absence of Eretmocerus sp. nr. californicus (AZ) 
Life-tables for each whitefly cohort combined across replicated treatments are presented in Tables 
13-16. A summary life-table combining all whitefly cohorts across replicated treatments is presented in 
Table 17. Rates of survival of immature parasitoids after parasitism had been noted in photographs, and 
percent parasitism data for combined whitefly cohorts in wasp release greenhouses are given in Table 18. 
In the absence of parasitoids, marginal probability of mortality was highest in the egg/crawler 
stage and lowest in the pupal stage for the low release rate control greenhouse (Tables 13, and 17). In the 
high release rate control greenhouses, marginal probability of mortality was highest in the egg/crawler 
stage and lowest in the second instar (Tables 15 and 17). Egg to adult whitefly survivorship was greatest 
in the unreplicated control greenhouse for the 1 female/plant/week release rate trial at 81% (Tables 13 and 
17). Egg to adult survivorship combined across whitefly cohorts for the two control greenhouses for the 
three females/plant/week release rate trial, was lower at 75% (Tables 15, and 17). In the absence of 
parasitoids, egg to adult survivorship for B. argentifolii increased across successive cohorts as poinsettia 
plants matured in the low release rate control greenhouse (Table 13). In the high release rate control 
greenhouses, whitefly mortality tended to be lower in cohort three (Table 15). 
In the low release rate greenhouses, egg to adult survivorship averaged across both replicates was 
greatest in cohort three at 25%, lowest in cohorts 1+2 (2%), and intermediate in cohort four (9%) (Table 
14). Egg to adult survivorship averaged 12% across all cohorts for both low release rate greenhouses 
(Tables 14 and 17). In the high release rate greenhouses, egg to adult survivorship averaged across both 
replicates was greatest in cohort 4 at 2%, and lowest in cohorts 1+2 and cohort 3 at 0.4% and 0.3% 
respectively (Table 16). Egg to adult survivorship averaged across all cohorts for both replicates was 
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significantly higher in the low release rate greenhouses at 12% compared to the 0.9% survival rate in the 
high release rate greenhouses (z= 14.01, Zc^aosr 1.645) (Tables 14, 16 and 17). 
The marginal probability of mortality for unknown death averaged across both low release rate 
greenhouses was consistently lower in cohort three for all lifestages (Table 14). The marginal probability 
of mortality for parasitism was lowest in cohort three in low release rate greenhouses (Table 14). In the 
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high release rate greenhouses, marginal probability of mortality for unknown death was highest in cohort 
three for the egg/crawler stage and settled first instar. Marginal probability of mortality from unknown 
death decreased across successive cohorts for nymphs in instars two through four (Table 16). Parasitism 
increased across successive cohorts in the high release rate greenhouses (Table 16). 
Survivorship Curves 
Survivorship curves (percentage entering successive lifestages) calculated from summary life- 
table data in Table 17 for each experimental treatment are presented in Fig. 10. Whitefly survivorship in 
control greenhouses was consistently higher for each developmental stage after the first instar when 
compared to the averaged survivorship across the replicated low and high release rate greenhouses. 
Survivorship curves for control greenhouses show highest real mortality (real mortality =dj/lc where d, is 
death in the /th stage, and lc is the size of the cohort at the commencement of the generation; real 
mortality for each lifestage is additive within a generation) (Southwood 1978) occurring from egg to 
settled first instar (8-9%), thereafter, real mortality in successive lifestages was around 0-5% (Table 17, 
Fig. 10). 
In the presence of E. sp. nr. californicus (AZ), the number of nymphs surviving to enter 
successive developmental stages declined rapidly after the settled first instar when compared to control 
greenhouses (Fig. 10). In low release rate greenhouses, real mortality was greatest from fourth instar 
nymphs to pupae, where fourth instar mortality contributed 40% to the observed total mortality (Table 17, 
Fig. 10). In the high release rate greenhouses, real mortality was greatest from egg/crawler to settled first 
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instar, where egg/crawler mortality accounted for 35% of the observed total mortality (Table 17, Fig. 10). 
Headrick et al. (1995 and 1996) have reported that female E. sp. nr. californicus from California will 
attack crawlers, and that first instars are lifted off leaves as a result of ovipositor probing. The largest 
observed real mortality difference between the low and high release rate greenhouses occurred in the 
fourth instar where the percentage of individuals becoming adults differed by 31% (i.e. fourth instar 
mortality in the low release rate greenhouses was 40% of total observed mortality vs. 9% for the high 
release rate greenhouses) (Fig. 10). 
Net Reproductive Rates (Ro) 
Sex ratio, net fecundity (LxMx), and net reproductive rate (Ro) estimates for each whitefly cohort 
photographed in each treatment are presented in Table 19. Temperatures in the spring 1994 trial (3 
females/plant/week) and the spring 1995 trial (1 female/plant/week) increased over the course of the 14 
weeks (Table 19). Higher temperatures result in sex ratios with a higher proportion of females with higher 
net fecundity (Enkegaard 1993). As a consequence of this rise in temperature, Ro estimates for successive 
whitefly cohorts in the low release rate control greenhouse (unreplicated) increased, and averaged 26.12 
over the cropping cycle (Table 19). In low release rate greenhouses, Ro values were highest in cohort 
three, lowest in cohorts 1+2, and intermediate in cohort 4. In low release rate greenhouses, B. argentifolii 
had an average Ro of 3.66, reflecting a 86% decrease from the growth rate of the control population (Table 
19). 
Ro estimates for successive whitefly cohorts in the high release rate control greenhouses increased 
and averaged 20.50 over the 14 week cropping cycle (Table 19). In high wasp release rate greenhouses, 
Ro values were highest for cohort 4, and averaged 0.25 across all cohorts, a 98.8% decrease from the 
growth rate of the control population (Table 19). 
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Trends in Whitefly Population Density 
Weekly population trends averaged across replicated treatments for live nymphs and pupae in the 
presence and absence of E. sp. nr. californicus (AZ) are presented in Fig. 11. In the absence of 
parasitoids, densities of live nymphs and pupae increase rapidly in number after week 11 (Fig. 11 A). 
Densities of immature whiteflies in the unreplicated low release rate control greenhouse (spring 1995) 
increased more rapidly than the replicated high release rate control greenhouses (spring 1994). This is 
attributable to greater egg to adult survivorship in the control greenhouse for the low release rate trial 
(Table 17), and a higher proportion of adults being females with higher net fecundity. These effects were 
due to higher temperatures in the control greenhouse for the low release rate trial over the 14 week test 
(Table 19). At week 14, live nymphs and pupae per plant were 1.9 times higher in the low release rate 
control greenhouse when compared to average number of live nymphs and pupae in the high release rate 
control greenhouses. 
B. argentifolii population trends in the low and high release rate greenhouses were similar, with 
comparable final densities of live nymphs and pupae at week 14. At week 14, the average numbers of live 
immature nymphs and pupae per plant in the low release rate greenhouses was 1.2x higher than the high 
release rate greenhouses, and 0.5% that of the corresponding control greenhouse. At the same time in the 
high release rate greenhouses, the average number of live nymphs and pupae per plant was 0.8% that of 
the corresponding control greenhouses. 
Trends in Percentage Parasitism and Numbers of Emerging Parasitoids 
Percent nymphs parasitized, wasp emergence patterns, and estimates of total numbers of females 
emerging into the low and high release rate greenhouses are shown in Fig. 12. In low release rate 
greenhouses, percent parasitism steadily increased after week nine to reach 100% at weeks 13 and 14 (Fig. 
12A). Wasp emergence in the low release rate greenhouses began in week eight and peaked at weeks 12 
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and 14. At week 14 estimates of the numbers of females emerging into the low release rate greenhouses 
was 2.2x that of the weekly release rate (Fig. 11 A). In the high wasp release rate greenhouses, parasitism 
and wasp emergence was not observed (Fig. 1 IB). 
Trends in Host:Parasitoid Ratio and Host Mortality 
The average number of nymphs per plant available for attack by individual wasps for each week 
of the trial in the low and high release rate greenhouses are shown in Fig. 13 A. Average weekly percent 
mortality trends (excluding successful parasitism) for B. argentifolii in the low and high release 
greenhouses are shown in Fig. 13B. 
For the first six weeks of the high release rate trial there were no detectable susceptible stages 
available for attack by female wasps (Fig. 13 A). In the low release rate greenhouses the numbers of 
susceptible hosts per plant increased after week five to peak at 16.87 hosts per wasp per plant at week 13 
before declining to 6.39 hosts per wasp per plant at week 14 (Fig. 13A). This observed decline occurred 
because of high wasp emergence at week 14 (Fig. 12A). In high release rate greenhouses, numbers of 
susceptible hosts per plant per week steadily increased after week 10 to reach 5.59 susceptible hosts per 
wasp per plant at week 14 (Fig. 13 A). A decline in the number of available hosts per wasp did not occur 
in the high release rate greenhouses because in-house reproduction and parasitoid emergence were 
negligible (Fig. 12B). At week 14, the average number of hosts available for attack per wasp per plant was 
l.lx higher in the low release rate greenhouses compared to the high release rate greenhouses. 
In low release rate greenhouses, percentage mortality averaged 45.69%± 2.83% (SE) after week 5 
(Fig. 13B). In high release rate greenhouses, percentage mortality reached 100% in weeks five and ten 
(Fig. 13B). After week 10, percentage mortality decreased in the high release rate greenhouses (Fig. 13B) 
as the numbers of live nymphs in the high release rate greenhouses increased (Fig. 1 IB). At week 14, 
percentage mortality was 1.4x higher in the high release rate greenhouses when compared to the low 
release rate greenhouses. 
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End of Crop Sales Inspection 
At sale (week 14), the mean number of live nymphs and pupae per leaf combined across 
replicated greenhouses were 1.13+ 0.19 and 2.97+ 0.59 respectively for the low and high release rate 
greenhouses. The mean number of live nymphs and pupae per leaf on plants inspected in retail outlets was 
1.45+ 0.36 (infestation data from retail outlets was collected before imidacloprid was registered for 
greenhouse use in Massachusetts). The mean number of nymphs per leaf differed significantly between 
treatments (F= 4.27, df= 827, p=0.01). There were more live nymphs per leaf in the high release rate 
greenhouses than in the low release rate greenhouses and on plants produced with insecticides. There was 
no significant difference between nymph numbers on leaves in the low release rate greenhouses and on 
chemically protected plants. 
These values from the “end of crop sales inspection” differed from the whole plant estimates of 
whitefly numbers at the same sample date (week 14), which showed the whitefly density to be slightly 
higher in the low rate greenhouses (Fig. 1 IB) (0.44+ 0.03 live nymphs and pupae per leaf for the low 
release rate greenhouses and 0.48+ 0.02 for the high release rate greenhouses). This difference was 
unexpected, but taken together, these data suggest either that the final per leaf whitefly densities were 
equal between treatments, or that the density in the high release rate greenhouses was higher, and this was 
detected with “the end of crop sales inspection” sampling protocol. 
Immature whiteflies in the high release rate greenhouses were found on a larger percentage of 
plants than insecticide treated plants (Table 20). The low release rate of E. sp. nr. californicus produced a 
poinsettia crop with similar final numbers of live immature whiteflies as insecticide protected plants, but 
survivors were spread over a larger number of plants. A summary of infestation statistics for end of crop 
sales inspection are presented in Table 20. 
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Discussion 
In small experimental greenhouses at Cornell University, life-table analyses showed that E. sp. 
nr. californicus (AZ) released at one female/plant/week (low release rate) and three females/plant/week 
(high release rate) exerted a suppressive effect on B. argentifolii population growth on poinsettia when 
compared to greenhouses which did not receive the parasitoid (Table 17, Fig. 11). There was substantial 
reduction in net reproductive rates of B. argentifolii in greenhouses (98.8% reduction in high release rate 
greenhouses and 86% in low release rate greenhouses) into which E. sp. nr. californicus (AZ) was 
released when compared to greenhouses which did not receive the parasitoid (Table 19). 
Ro estimates for each whitefly cohort in the high release rate greenhouses were <1.0 indicating 
declining population growth (Carey 1993), however this trend was not reflected in the weekly population 
counts (Fig. 1 IB). In the high release rate greenhouses, densities of immature whiteflies increased after 
week 10 (Fig. 1 IB) so that at week 14 of the trial when the end of crop sales inspection was made, mean 
numbers of immature whiteflies on poinsettia leaves were significantly greater than those on leaves in the 
low release rate greenhouses and plants treated with insecticides (Table 20). A possible reason for the 
observed discrepancy between life-table data and population counts in the high release rate greenhouses is 
the spatial distribution of hosts on poinsettia leaves. 
k 
At the high release rate (three females/plant/week), E. sp. nr. californicus (AZ) was very efficient 
at locating and killing high numbers (in excess of 99%) of whitefly nymphs in artificially created patches 
that were photographed (Tables 16 and 17). A shortcoming of the photography method is that it fails to 
record the fates of whitefly nymphs dispersed over a large area. Photographed nymphs in this study were 
in a 770mm2 area, and it is possible that if similar numbers of nymphs were spread over an entire 
poinsettia leaf individual nymphs may not be found as readily by searching females, and B. argentifolii 
survivorship and Ro rates would be higher. 
Burnett (1958) showed that Encarsia formosa Gahan (Hymenoptera: Aphelinidae), a parasitoid 
of greenhouse whitefly (Trialeurodes vaporariorum [Westwood]), parasitized more nymphs in clumped 
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distributions when compared to levels of parasitism for the same number of nymphs distributed uniformly. 
Also, with increasing numbers of searching females, superparasitism increased and individual females 
successfully parasitized fewer hosts. Similar results have been observed with a pteromalid wasp attacking 
a standard number of fly pupae exhibiting various degrees of aggregation in experimental arenas (Jones 
and Turner 1987). Eretmocerus sp. nr. californicus (AZ) may treat host patches similarly to E.formosa, 
and nymph mortality in patches with dispersed hosts may be lower than in patches of similar densities 
containing aggregated nymphs. Consequently, low levels of aggregation on poinsettia leaves may provide 
B. argentifolii nymphs with a refuge in the presence of inundative releases of E. sp. nr. californicus (AZ). 
Further work is needed to determine how the degree of host spatial aggregation on poinsettia leaves affects 
the intensity and pattern of host feeding and parasitism by E. sp. nr. californicus (AZ). Kareiva (1990) 
suggests that a short-coming with the majority of impact evaluations for natural enemies in the field is the 
lack of work assessing the spatial heterogeneity and the spatial dimension of pest and natural enemy 
distributions. 
In the high release rate greenhouses, when plants were of small to medium height, percent 
parasitism was low in cohorts 1+2 and three, at 2-3% and mortality was high at 99.6-99.7% (Tables 16 
and 18). At this stage of the cropping cycle, and at the high release rate, the impact of the E. sp. nr. 
californicus (AZ) was similar to that of a predator. In cohort four, when plants were large, percent 
parasitism increased to 20% and mortality was 98% (Tables 16 and 18). Higher levels of parasitism may 
have occurred in cohort four because female wasps were foraging over a larger plant canopy and nymphs 
that were successfully parasitized were less likely to be subject to either host feeding or superparasitism by 
conspecific females. 
Eretmocerus mundus Mercet can discriminate between parasitized and unparasitized B. tabaci 
nymphs on cotton, and females avoid ovipositing in parasitized hosts (Foltyn and Gerling 1985). Host 
discrimination by E. mundus may be mediated by female marking of hosts after oviposition. Similar 
mechanisms may be used by E. sp. nr. californicus (HI) attacking T. vaporariorum in Hawaii because 
superparasitism by this wasp in field collected material was rare (Foltyn and Gerling 1985). 
Superparasitism by E. sp. nr. californicus attacking B. tabaci has been observed, but the developmental 
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outcome of competing larvae was undetermined (Gerling et al. 1990). In the laboratory, E. sp. nr. 
californicus (CA) can be easily induced to superparasitize at low host-parasitoid ratios (Gerling 1966). In 
our trials, when high release rates were employed, mechanisms which normally limit superparasitism and 
host feeding of parasitized nymphs may not have operated because of low host-parasitoid ratios. 
In the low release rate greenhouses, percent parasitism in whitefly cohorts was higher (Table 18) 
and average percent parasitism across all cohorts was 3.4x greater than the high release rate greenhouses 
(Table 18). In-house reproduction and wasp emergence supplemented weekly releases after week seven in 
the low release rate greenhouses (Fig. 12A), and at week 14 the estimated number of females emerging 
into the low release greenhouses was 2.2x that of the weekly release rate (Fig. 12A). Weekly releases and 
in-house emergence of E. sp. nr. californicus (AZ) at week 14 of the low release rate trial was sufficient 
enough to reduce the number of live whitefly nymphs on poinsettia leaves to levels lower than those 
recorded in the high release rate greenhouses at week 14 when the end of crop sales inspection was made 
(Table 20). High levels of in-house reproduction by E. sp. nr. californicus (AZ) at the low release rate has 
important implications for using this wasp inundatively. 
Successful inundative biological control of B. argentifolii on poinsettia with E. sp. nr. 
californicus (AZ) is a complicated inter-play between: 1) weekly release rate, 2) mortality from host 
feeding and superparasitism, 3) levels of in-house reproduction by parasitoids, and 4) increasing plant 
canopy. To maximize parasitoid efficacy when wasps are used inundatively, may require varying the 
release rate over the course of the growing season. When plants are small, the low release rate would 
promote parasitism in the early to mid-part of the growing season. Increasing the release rate later in the 
growing season would augment the action of parasites born into the greenhouse and compensate for an 
increasing plant canopy. This would perhaps minimize the number of nymphs escaping attack and 
improve control. A variable release strategy which maximizes in-house reproduction and host feeding by 
E sp. nr. californicus (AZ) could result in cost effective control with this biological control agent. We are 
currently analyzing the results of variable release rate trials with E. sp. nr. californicus (AZ) for B. 
argentifolii on poinsettia. 
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Figure 10: Survivorship curves for Bemisia argentifolii cohorts on poinsettia in the presence and absence 
of Eretmocerus sp. nr. californicus (AZ). Percentage entering each stage was calculated from the number 
in that particular lifestage divided by the number of eggs used to initiate that particular cohort. Data used 
were from Table 17 (I)= settled first instar, I2= second instar, I3= third instar, I4= fourth instar). 
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Figure 11: Population trends for Bemisia argentifolii in the presence and absence of Eretmocerus sp. nr. 
californicus (AZ). Mean number of live nymphs and pupae (± SEM) per poinsettia plant in the control 
(A) and wasp release (B) greenhouses at a low release rate (1 female E. sp. nr. californicus 
(AZ)/plant/week), and a high release rate trial (3 female E. sp. nr. californicus (AZ)/plant/week). 
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Figure 12: Weekly percentage parasitism estimates and weekly estimates of numbers of Eretmocerus sp. 
nr. californicus (AZ) emerging into greenhouses. Average weekly estimates of the percentage of Bemisia 
argentifolii nymphs parasitized by E. sp. nr. californicus (AZ) in the low (A) and high (B) release rate 
greenhouses and the total number of E. sp. nr. californicus (AZ) emerging weekly into the low (A) and 
high (B) release rate greenhouses. 
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Figure 13: Host:parasitoid ratio estimates and percentage mortality of Bemisia argentifolii nymphs in the 
presence of Eretmocerus sp. nr. californicus (AZ). The number of susceptible B. argentifolii nymphs and 
pupae per plant (A) available for host feeding and parasitism by individual female wasps (E. sp. nr. 
californicus [AZ]) for the low and high release rate greenhouses; and (B) the percentage mortality of B. 
argentifolii nymphs and pupae in the presence of E. sp. nr. californicus (AZ) in the low and high release 
rate greenhouses. 
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CHAPTER 5 
BIOLOGICAL CONTROL OF BEMIS1A ARGENTIFOL1I (HOMOPTERA: ALEYRODIDAE) ON 
POINSETTIA WITH INUNDATIVE RELEASES OF ENCARSIA FORMOSA “BELTSVILLE STRAIN” 
(HYMENOPTERA: APHELINIDAE): CAN PARAS I TO ID REPRODUCTION AUGMENT 
INUNDATIVE RELEASES? 
Abstract 
The effectiveness of inundative releases of the parasitoid Encarsia formosa Beltsville strain for 
control of Bemisia argentifolii on poinsettia was determined in replicated experimental greenhouses. We 
evaluated two release rates of E. formosa Beltsville strain: a low release rate (1 wasp/plant/week, released 
in two greenhouses) and a high release rate (3 wasps/plant/week, released in two greenhouses), each over 
a 14 week growing season. The trial had one control greenhouse in which B. argentifolii developed on 
poinsettia in the absence of E. formosa Beltsville strain. Life-tables were constructed for B. argentifolii in 
the presence and absence of E. formosa Beltsville strain by using a photographic technique to follow 
cohorts of whiteflies on poinsettia leaves. Weekly population counts of the whitefly were also made. In the 
absence of E. formosa Beltsville strain egg to adult survivorship of B. argentifolii on poinsettia was 71%. 
At the low release rate, egg to adult survivorship of B. argentifolii was 4% and parasitism was 23%. At 
the high release rate, egg to adult survivorship for B. argentifolii was 1% and parasitism was 12%. The 
net reproductive rates (Ro) for B. argentifolii populations in the absence of E. formosa Beltsville strain 
was 17.1, indicating a rapidly increasing population. Net reproductive rates for whitefly populations 
subject to wasp releases were 0.95 for the low release rate greenhouses, and 0.32 for the high release rate 
greenhouses, indicating declining B. argentifolii population growth. The high release rate provided better 
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control of B. argentifolii than the low release rate and this was attributed to higher levels of in-house 
reproduction. 
Introduction 
Biological control of insect pests attacking ornamental plants (cut flowers, potted foliage and 
flowering plants) grown in greenhouses is not commonly practiced (Parrella et. al. 1991), even though 
more than 32, 000 ha of greenhouse production throughout the world are devoted to ornamentals (Parrella 
1990). Several reasons exist for why biological control in ornamental crops is still in its infancy. First, 
extreme standards for aesthetic quality at time of sale demand minimal pest damage (Parrella 1990, 
Parrella et al. 1991). Second, pest control costs are low, approximately 1% of production costs in 
greenhouses (van Lenteren and Woets 1988). Consequently, cost has not constrained pesticide use. Third, 
strict quarantine requirements for exports has promoted intensive use of pesticides to eradicate arthropod 
contaminants (Parrella 1990). Fourth, lack of rigorous research documenting the success of control versus 
natural enemy release rates and economic analyses of biological control in greenhouses has hindered 
practical application (Parrella et al. 1992). 
Poinsettia (Euphorbia pulcherrima Willd. ex Klotz.), a greenhouse grown ornamental, is the 
most important potted crop grown in the United States with in excess of 40 million plants produced each 
year (Parrella et al. 1991). The major phytophagous pest attacking this crop in the United States is the 
silverleaf whitefly, Bemisia argentifolii Bellows and Perring (Homoptera: Aleyrodidae) [= the “B” strain 
of B. tabaci (Gennadius) (Bellows et al. 1994)] (Heinz and Parrella 1994, Hoddle and Van Driesche 
1996). 
Whitefly damage to commercial poinsettia production is primarily a reduction in aesthetic quality 
that leads to reduced marketability. Growers have very low tolerances for whitefly nymphs, adults, and 
honeydew in poinsettia crops (Hoddle and Van Driesche 1996), and through regular insecticide 
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applications whitefly populations do not develop to levels that reduce plant vigor, foliage production, or 
bract quality (Heinz and Parrella 1994). 
Commercial production of poinsettias have several agronomic practices that favor biological 
control. Poinsettias are often grown as a discontinuous monoculture in greenhouses from June to 
December (Parrella et al. 1991, Heinz and Parrella 1994), and crops are started from cuttings with very 
low densities of whiteflies (Hoddle and Van Driesche 1996). Plant diseases can be controlled with 
fungicides that are compatible with the use of whitefly natural enemies (Parrella et al. 1991). Insect pests 
such as fungus gnats (Diptera: Sciaridae) which can cause severe problems in poinsettia crops are 
effectively controlled with parasitic nematodes which are compatible with natural enemies for whitefly 
control (Harris et al. 1995). At present, whiteflies are the only major foliar pests of poinsettia, and this 
simplifies pest management as a complex of phytophagous insects do not have to be controlled. 
B. argentifolii is particularly prone to developing resistance to insecticides, and resistance to 
organophosphates, carbamates, and pyrethroids has been documented (Cahill et al. 1995, Costa and 
Brown 1991). Presently in the United States, B. argentifolii is effectively controlled on poinsettia with 
imidacloprid, a systemic chloronicotinyl insecticide which gives 10-12 weeks whitefly control with a 
single application (Lopes 1994). This compound was registered for greenhouse use in the United States in 
1994 (Sanderson and Roush 1995). In Spain, imidacloprid has been used for whitefly control on outdoor 
vegetable crops and resistance is now being observed after three years use (Sanderson and Roush 1995, 
Cahill et al. 1996). Once a whitefly population on poinsettia develops resistance to imidacloprid in the 
United States, it will rapidly become widespread within a very short period due to the extensive exchange 
of plants and cuttings (Parrella 1995). 
Incorporation of natural enemies into an Integrated Pest Management (IPM) program for B. 
argentifolii on poinsettia would diversify whitefly control options, reduce reliance on insecticides, and 
provide a more sustainable whitefly control system for the crop. A potentially effective natural enemy that 
has been identified from laboratory work for inundative control of B. argentifolii on poinsettia in 
greenhouses is a strain of Encarsia formosa Gahan (Hymenoptera: Aphelinidae) from Beltsville 
Maryland, USA (Heinz and Parrella 1994, van Lenteren and Brasch 1994). 
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The Beltsville strain of Encarsia formosa was developed from wasps found attacking the 
greenhouse whitefly, Trialeurodes vaporariorum (Westwood), and reared on B. argentifolii with 
poinsettia as the host plant by USDA/ARS (Beltsville MD)(Bentz 1993, Heinz and Parrella 1994). This 
wasp is currently being maintained in colony at Cornell University, Ithaca NY. 
In the laboratory, E. formosa Beltsville strain had the highest parasitization rates, lowest levels of 
host feeding, highest total kill of whitefly nymphs, highest progeny survivorship, and high longevity when 
compared to four other Encarsia spp. attacking B. argentifolii on poinsettia (Heinz and Parrella 1994). 
Heinz and Parrella (1994) proposed that E. formosa Beltsville strain may be better adapted to B. 
argentifolii than the other parasitoids tested. 
In other laboratory studies, E. formosa reared on B. argentifolii for 3-10 generations encountered 
and oviposited in this host more often than wasps reared on T. vaporariorum. Progeny survivorship of B. 
argentifolii reared wasps developing in B. argentifolii nymphs was higher than T. vaporariorum reared 
wasps using B. argentifolii as a host (Henter et al. 1993, van Lenteren and Brasch 1994). Better 
performance by B. argentifolii reared E. formosa may be due to either a genetic response to selection or 
environmental conditioning (Henter et al. 1993, Henter and van Lenteren 1996). B. argentifolii adapted 
strains of E. formosa also readily parasitize T. vaporariorum (van Lenteren and Brasch 1994, Henter et al. 
1996) and this may simplify biological control of both whiteflies when they occur together. 
As part of an DPM project to prevent resistance development and improve B. argentifolii 
management on poinsettia in Massachusetts, we have been evaluating the ability of natural enemies 
(parasitic wasps) for the biological control of B. argentifolii. One of our candidate parasitoids for potential 
use in the EPM program was E. formosa Beltsville strain. Evaluations of E. formosa reared on T. 
vaporariorum, and Eretmocerus sp. nr. californicus (AZ) have already been evaluated in experimental 
greenhouses for B. argentifolii control on poinsettia (Hoddle et al. 1996a, b). 
We tested a low (1 wasp/plant/week) and high (3 wasps/plant/week) release rate of E. formosa 
Beltsville strain for control of B. argentifolii on poinsettia. We used replicated experimental greenhouses 
and a photographic technique to construct paired life-tables for B. argentifolii on poinsettia in the 
presence and absence of E. formosa Beltsville strain. In addition to life-table construction, we made 
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weekly population counts of immature and adult B. argentifolii and parasitized whitefly nymphs on 
poinsettia in the experimental greenhouses. 
Our objectives were to use life-tables and population counts to determine over the course of a 14 
week poinsettia crop. 1) The suppressive effect of E. formosa Beltsville strain on B. argentifolii population 
growth when compared to whitefly population growth in the absence of this natural enemy. 2) If our low 
and high release rates of E. formosa Beltsville strain differed in the level of control given, and 3) 
mechanisms behind the effects of these parasitoid release rates on whitefly population growth. 
Materials and Methods 
Experimental Greenhouses, Crop Management, and Initial Whitefly Infestation Levels 
Evaluations of E. formosa Beltsville strain were conducted in small, identical plastic greenhouses 
at Cornell University, Ithaca, New York. Each greenhouse (5 x 4 x 3.5 m) held six benches (0.91m x 1.5m 
x 0.91m), each with 15 pots (15cm diameter, with single stem poinsettias), for a total of 90 plants per 
greenhouse. The trial was run in fall 1994 and included five greenhouses; one control greenhouse (no 
wasps released), two low release rate greenhouses (1 wasp/plant/week), and two high release rate 
greenhouses (3 wasps/plant/week). Four DDVP fumigant strips were hung in the control greenhouse to 
prevent parasitoid establishment. The poinsettia cultivar used was “Freedom Red,” and the trial ran for 14 
weeks. 
The poinsettia crop was started from rooted cuttings received from Paul Ecke Ranch, Encinitas, 
California, which had been produced without any use of systemic insecticides. After potting, plants were 
subjected to commercial management practices of fertilization (Peter’s Exel® [15-5-5] at 200ppm, Peter’s 
Stem® at O.Olg/liter, and MolyB® liquid concentrate at 0.17ml/liter applied at every watering), root rot 
control (Subdue® [metalaxyl] soil drench applied at weeks 2 and 11 of each trial at a rate of 0.15g/liter), 
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fungus gnat control (Gnatrol® [Bacillus thuringiensis subsp. israelensis] applied at weeks 3,5, and 7 at a 
rate of 2.66ml/liter), and pinching (3 weeks after potting). Maximum and minimum temperatures were 
recorded daily. 
For this trial, estimates of initial B. argentifolii densities on poinsettia cuttings from the supplier 
were made prior to potting by recording the number of nymphs and adults on each leaf of 102 randomly 
chosen cuttings. 
Parasitoid Release Regimen 
Encarsia formosa Beltsville strain was evaluated at two release rates. The low release rate was 
one female per plant per week, and the high release rate consisted of weekly releases of three females per 
plant, and the trial was conducted in fall 1994 (8 September to 14 December, 1994 inclusive). E. formosa 
Beltsville pupae were supplied by American Insectaries, Escondido, California, and were shipped as loose 
parasitized B. argentifolii nymphs in petri dishes. The host plant used for E. formosa Beltsville strain 
mass rearing on B. argentifolii was cabbage (Brassica oleracea capitita). After receipt, wasps were 
allowed to emerge into petri dishes on the lids of which were thin streaks of honey. Prior to release, wasps 
were counted in petri dishes using a dissecting microscope in the laboratory. Petri dishes with wasps were 
then taken to greenhouses, distributed uniformly, and opened below the plant canopy. Wasps were 
released in this manner until the desired weekly release total had been achieved for each greenhouse. 
Establishing and Photographing Whitefly Cohorts; Constructing Life-tables and Survivorship Curves 
The fates of cohorts of whitefly nymphs (3-88 whitefly nymphs) on poinsettia leaves were 
determined using a photographic technique, and the resultant photographic slides were used to construct 
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life-tables for cohorts of B. argentifolii in the presence and absence of E. formosa Beltsville strain (after 
Summy et al. 1984, Gould et al. 1992, and Hoddle et al. 1996a, b, c). 
To establish a cohort of whiteflies, ten to thirteen poinsettia plants from each greenhouse were 
taken to the laboratory and clip cages were placed on one leaf of each plant. In each cage, 1-4 mating 
pairs of whiteflies were introduced and left to oviposit for 2-3 days at 25°C. Cages and whiteflies were 
then removed, the number of eggs recorded, and plants placed in their respective greenhouses. By varying 
the number of adult whiteflies in clip cages we produced whitefly patches of different densities. Whitefly 
patches on individual poinsettia leaves are referred to as sub-cohorts. Contemporary sub-cohorts within a 
greenhouse are collectively referred to as cohorts. 
Egg numbers on all plants returned to greenhouses were standardized by removing eggs from 
sub-cohorts with a 000 size insect pin so that similar egg totals were added to the greenhouses each time 
cohorts were established. Sub-cohorts were set up for photography at weeks one and two (designated 
whitefly cohorts 1+2), five (cohort 3) and nine (cohort 4) of the trial. These cohorts thus occurred during, 
approximately, the first, second, and third whitefly generations respectively. Eight to ten days after 
whiteflies were removed from clip cages, the numbers of first instars that had emerged and settled from 
the counted eggs were recorded. A 35mm x 23mm area of leaf on which most nymphs had settled was 
photographed. Photography commenced immediately after the nymphs in each sub-cohort had settled. 
Each sub-cohort was photographed twice on each examination date (an insurance measure for unfocused 
slides), and photography was repeated two times each week. Photography of a sub-cohort ceased when all 
the nymphs had died, disappeared, emerged as adult whiteflies, or produced adult parasitoids. 
The camera used was a 35 mm SLR outfitted with a 55mm macrolense, a dedicated ringflash, 
and one extension tube. F-stop and aperture settings were 16 and 22, respectively. The film used was 
50asa color slide film. 
Slides of each sub-cohort were analyzed in chronological order using a backlit dissecting 
microscope at lOx magnification. The fates of individual whitefly nymphs were recorded on leaf maps, 
with a distinct leaf map being drawn for each photographic date. The number of eggs required to produce 
the number of settled first instars that were observed in the first photograph of each cohort was calculated 
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as the ratio of the number of nymphs photographed to that on the leaf as a whole, multiplied by the total 
number of eggs laid on the leaf (see Hoddle et al. 1996c for more details on photography method). 
The number of nymphs entering each instar, the number disappearing and dying in each instar, 
and the causes of all mortality were recorded and used to construct life-tables. Data from sub-cohorts were 
combined to produce life-tables for each whitefly cohort in each greenhouse and these life-tables were 
combined across replicates. Summary life-tables for each treatment were obtained by pooling cohorts of 
nymphs over the entire cropping season and across replicates. 
Survivorship curves for B. argentifolii were constructed from summary life-tables for each 
treatment. Percent survival for each developmental stage was calculated as the number of nymphs that 
lived to enter stage /, divided by the initial number of eggs used to establish the photographed nymphs. 
Calculating Marginal Probabilities of Mortality 
To separate mortality from each observed source (unknown death, disappearance, and parasitism) 
marginal mortality rates were calculated. The marginal probability of mortality is the number of whiteflies 
that would be attacked by an agent in the absence of all other contemporaneous mortality agents (Royama 
1981, Bellows et al. 1992, Elkinton et al. 1992). Since disappearance of whitefly nymphs was directly 
observable, marginal probability of disappearance was the same as observed disappearance rate. When 
disappearance and unknown death occurred contemporaneously, marginal probability of death from 
unknown causes (mud) was calculated from observed mortality as: 
mud = dudl{\-mD) [1] 
where dud is Death from Unknown Causes observed with photographic sampling, and mD is the marginal 
rate of Disappearance (= observed death rate) (Elkinton et al. 1992, Gould et al. 1992). 
The marginal probabilities of mortality for three contemporaneous factors were calculated as: 
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m, = 1-(1-g() [2] 
di/d 
where w, is the marginal probability of mortality from the ith cause, d, is death rate from the /th cause, 
and d is death rate from all causes combined (Elkinton et al. 1992). 
Sex Ratio of Emerging Whiteflies, Net Fecundity Estimates, and Calculation of 
Net Reproductive Rates (Ro) 
Sex ratio (females/males+females) for B. argentifolii on poinsettia is positively correlated with 
temperature. The relationship between sex ratio and temperature for this whitefly and plant, for the 
temperature range 19-28°C, is described by the equation SR= 0.018T+ 0.247, r2= 0.972, where SR is sex 
ratio and T is temperature (Enkegaard 1990, 1993a). The average temperature ([daily maximum + 
minimum temperatures]/2) experienced by each photographed whitefly cohort over the course of its 
development was substituted into the above equation to estimate the sex ratio of the whiteflies which 
emerged from cohorts. 
Enkegaard (1992) provided net fecundity (LxMx) estimates (where Lx is the fraction of females 
that survive to age x, and Mx is the gross fecundity at age x [Carey 1993]) for B. argentifolii reared on 
poinsettia at five controlled temperatures (16-28°C). Net fecundity is positively correlated with 
temperature, and is described by NF= 6.3474T-102.11, r*= 0.968, where NF is net fecundity and T is 
temperature (Enkegaard 1992). The average temperature experienced by each photographed whitefly 
cohort over the course of its development was substituted into the above equation to estimate likely net 
fecundity for individual females emerging from cohorts. 
Net reproductive rate (Ro) is the per capita average number of female offspring bom to a cohort 
of females during their lifetime, and describes the growth rate of the population (Carey 1993). Sex ratio 
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and net fecundity estimates were calculated as described above, and Ro were calculated by dividing the 
theoretical fecundity of females emerging from photographed cohorts by the number of eggs used to 
establish those cohorts. Values of Ro<l indicate a declining population, R^l an increasing population, 
and Ro=l a stable population (Carey 1993). 
Monitoring Bemisia argentifolii Population Densities 
Population counts of immature and adult whiteflies on poinsettia leaves were made weekly. 
Numbers of first/second, third, fourth instar nymphs, pupae, exuviae from which either adult whiteflies or 
parasitoids had emerged, and adult whiteflies were recorded. 
Over the course of the trial, plants were divided by height into three strata, and all immature 
whiteflies were counted on a fixed number of tagged leaves within each stratum. Stratum one consisted of 
the leaves originally present on the newly potted cuttings. For stratum one, one leaf on each of 15 
randomly selected plants was tagged in each greenhouse and inspected weekly. After 5-6 weeks of plant 
growth, one leaf in the top portion of an additional 15 randomly selected plants was tagged in each 
greenhouse. These leaves were designated stratum two, and whitefly counts were made in both stratum 
one and two each week thereafter. After an additional 4-5 weeks of growth (around week 10-11 of the 
trial), another 15 plants in each greenhouse had one leaf tagged at the top of the plant and inspected 
weekly. This upper most leaf layer was designated stratum three. At this time, 15 leaves were being 
examined weekly in each of three strata for a total of 45 leaves, one leaf on each of 45 plants in each 
greenhouse. 
Each time a new stratum was established, the total number of leaves in that stratum was recorded 
for 10 plants in each greenhouse. Leaf counts within plant strata were used, together with whitefly counts 
per leaf, to determine the mean number of whiteflies (by life stage) per plant on each sample date for each 
treatment. 
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Estimating In-House Parasitoid Reproduction 
The number of wasps emerging each week into the greenhouse via in-house reproduction was 
calculated from the weekly estimates of numbers of whitefly nymphs from which wasps had emerged. 
Estimates of the number of newly emerged wasps per plant for each week of the trial were multiplied by 
the number of plants in the greenhouse to estimate the number of newly emerging wasps for the 
greenhouse as a whole. Since whitefly nymphs with parasitoid exit holes accumulated on leaves, each 
weekly estimate had the count from the preceding week subtracted to give net estimates of wasps 
emerging into the greenhouse. We assumed wasps lived for one week only. 
Estimating the Number of Hosts Available per Plant for Wasp Attack 
Encarsia formosa reared on T. vaporariorum will parasitize second, third, and fourth instar B. 
argentifolii, and will host feed on all immature lifestages including pupae (Boisclair et al. 1990, 
Enkegaard 1993b). We assumed that E. formosa Beltsville strain reared on B. argentifolii had similar 
preferences for oviposition and host feeding. The number of susceptible hosts per plant available for attack 
by wasps (averaged for each treatment, for each week of the trial) was calculated by summing the per 
plant densities of the susceptible whitefly stages. The host/wasp ratio was then calculated by dividing the 
weekly estimate of susceptible stages by the estimated number of wasps per plant in the greenhouse. To 
estimate the number of wasps present in each greenhouse in specific weeks, the number of wasps released 
each week was added to the estimated number of wasps emerging from in-house wasp reproduction. 
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Estimating Percent Mortality and Percent Parasitism in Experimental Greenhouses 
Average percent mortality (excluding parasitism) and parasitism estimates in each week of each 
trial were estimated for each wasp release treatment from the weekly B. argentifolii population counts. 
End of Crop Sales Inspection 
At week 14 of the trial, 15 randomly selected plants in each of the wasp release houses had 6 
leaves removed (2 leaves from each stratum) and examined under a dissecting microscope in the 
laboratory for live nymphs and pupae. Numbers of live nymphs and pupae recorded were compared to 
similarly collected data from 72 poinsettias observed at five retail outlets in Amherst Massachusetts, in 
December 1994. Mean number of nymphs per leaf were compared using a 1-way anova and Tukey’s HSD 
mean separation test at 0.05 level of significance. 
Results 
Estimates of Initial Whitefly Infestation on Cuttings Prior to Potting 
Initial B. argentifolii infestation on each of 102 cuttings prior to potting was low. Mean numbers 
of eggs, nymphs, and adults (± SE) per leaf were 0.10± 0.05, 0.13± 0.05, and 0.00± 0.00 respectively. 
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Life-Tables for B. argentifolii in the Presence and Absence of E.formosa Beltsville Strain 
Life-tables for each whitefly cohort combined across replicated treatments are presented in Tables 
21-23. A summary life-table combining data across all whitefly cohorts and replicated treatments is 
presented in Table 24. Survival of immature parasitoids after parasitism had been observed in 
photographs, and percent parasitism data for combined whitefly cohorts in wasp release greenhouses is 
given in Table 25. 
In the absence of parasitoids, whitefly mortality was highest in the egg/crawler stage and lowest 
in the pupal stage (Tables 21 and 24). In the control greenhouse, egg to adult survivorship for B. 
argentifolii was similar across successive cohorts as poinsettia plants matured and survivorship averaged 
71% across all cohorts (Tables 21 and 24). 
In the low release rate greenhouses, egg to adult survivorship averaged across both replicates was 
greatest in cohorts 1+2 at 16%, and declined to 3% and 0.1% in cohorts 3 and 4 respectively (Table 22). 
Egg to adult survivorship averaged 4% across all cohorts for both low release rate greenhouses (Tables 22 
and 24). In the high release rate greenhouses, egg to adult survivorship averaged across both replicates 
was greatest in cohorts 1+2 at 5%, and declined to 0% in cohorts 3 and 4 (Table 23). Egg to adult 
survivorship averaged across all cohorts for both replicates was significantly lower in the high release 
greenhouses at 1% (z-test for differences between population proportions) than that in the low release rate 
treatment (z= 4.48, zcrit(o.o5)= 1.65) (Table 24). 
The trend for marginal probability of mortality for unknown death averaged across both low 
release rate greenhouses increased across successive whitefly cohorts for instars 1-4 (Table 22). The 
percentage of nymphs parasitized in low release rate greenhouses was highest in cohort 3, lowest in cohort 
4, and intermediate in cohorts 1+2 (Tables 22, 25). In the high release rate greenhouses, the observed 
trend for unknown death was different. Marginal probability of mortality for unknown death increased 
across successive cohorts for instars one and two (Table 23). While for instars three and four marginal 
probability of mortality for unknown death was generally highest in cohort three, lowest in cohorts 1+2, 
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and intermediate in cohort four (Table 23). In the high release rate greenhouses, the percentage of nymphs 
parasitised was lower in cohorts 3 and 4 when compared to cohorts 1+2 (Tables 23, 25). Average 
percentage parasitism across all cohorts and both replicated greenhouses was 1.9x higher in the low 
release rate greenhouses (23%) when compared to the high release rate greenhouses (12%) (Table 25). 
The smallest difference in marginal probability of mortality for unknown death between the 
control greenhouse and the low release rate greenhouses when compared across all cohorts and replicates 
was in the egg/crawler stage, where unknown death was 1.4x higher in the low release rate greenhouses. 
In the high release rate greenhouses, marginal probability of mortality for unknown death for the 
egg/crawler stage was the same as the control greenhouse (Table 24). The largest difference in marginal 
probability of mortality for unknown death between the control greenhouse with the low release rate 
greenhouses and the high release rate greenhouses was in the fourth instar, where mortality from 
unknown death was 56x and 73 x higher in the low release rate greenhouses and high release rate 
greenhouses respectively (Table 24). 
Survivorship Curves 
Survivorship curves (percentage entering successive lifestages) calculated from summary life- 
table data in Table 24 for each experimental treatment are presented in Fig. 14. Whitefly survivorship in 
the control greenhouse was consistently higher for each developmental stage after the first instar when 
compared to the averaged survivorship across the replicated low and high release rate greenhouses. 
Survivorship curves for control greenhouses show highest real mortality (real mortality =d/lc where d, is 
death in the /th stage, and lc is the size of the cohort at the commencement of the generation; real 
mortality for each lifestage is additive within a generation) (Southwood 1978) occurring from egg to 
settled first instar (21%), thereafter, real mortality in successive lifestages was around 1-3% (Table 24, 
Fig. 14). 
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In the presence of E. formosa Beltsville strain, the number of nymphs surviving to enter 
successive developmental stages declined rapidly after the settled first instar when compared to the control 
greenhouse (Fig. 14). In the low release rate greenhouses, real mortality was greatest from fourth instar 
nymphs to pupae, where fourth instar mortality contributed 32% to the observed total mortality (Table 24, 
Fig. 14). In the high release rate greenhouses, real mortality was greatest from second instar to third 
instar, where second instar mortality accounted for 24% of the observed total mortality (Table 24, Fig. 
14). The largest observed real mortality difference between the low and high release rate greenhouses 
occurred in the fourth instar stage where the percentage of individuals becoming pupae differed by 13% 
(i.e. fourth instar mortality in the low release rate greenhouses was 32% of total observed mortality vs. 
19% for the high release rate greenhouses) (Fig. 14). 
Net Reproductive Rates (Ro) 
Sex ratio, net fecundity (LxMx), and net reproductive rate (Ro) estimates for each whitefly cohort 
photographed in each treatment are presented in Table 24. Temperatures decreased over the course of the 
14 week trial (Table 26). Decreasing temperatures result in sex ratios with a lower proportion of females 
with lower net fecundity (Enkegaard 1993a). As a consequence of this decrease in temperature, Ro 
estimates for successive whitefly cohorts in the control greenhouse decreased, and averaged 17.10 over the 
cropping cycle (Table 26). 
In low release rate greenhouses Ro values for each successive whitefly cohort decreased, and B. 
argentifolii had an average Ro of 0.95, reflecting a 99.94% decrease from the growth rate of the control 
population (Table 26). The average Ro for B. argentifolii in the high release rate greenhouses was 0.32, a 
99.98% decrease from the growth rate of the control population (Table 26). 
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Trends in Whitefly Population Density 
Weekly population trends averaged across replicated treatments for live nymphs and pupae in the 
presence and absence of E. formosa Beltsville strain are presented in Fig. 15. In the absence of 
parasitoids, densities of live nymphs and pupae increased rapidly in number after week nine to reach an 
estimated final density of approximately 6000 live nymphs and pupae per plant at week 14 (Fig. 15A). 
The high release rate of E. formosa Beltsville strain (3 wasps/plant/week) suppressed B. 
argentifolii population growth more effectively than the low release rate (1 wasp/plant/week) (Fig. 15B). 
In the high release rate greenhouses, whitefly numbers peaked at week six before declining to lower levels 
at week 14 (Fig. 15B). In the low release rate greenhouses, live nymphs and pupae per plant peaked five 
weeks later (week 11 of trial) than the high release rate greenhouses before declining to lower levels at 
week 14 (Fig. 15B). At week 14, the average numbers of live immature whiteflies nymphs and pupae per 
plant in the low release rate greenhouses was 2. lx higher than the high release rate greenhouses, and 
0.6% that of the control greenhouse. At the same time in the high release rate greenhouses, the average 
number of live nymphs and pupae per plant was 0.27% that of the control greenhouse. 
Trends in Percentage Parasitism and Numbers of Emerging Parasitoids 
Percent nymphs parasitized, wasp emergence patterns, and estimates of total numbers of wasps 
emerging into the low and high release rate greenhouses are shown in Fig. 16. In low release rate 
greenhouses, three major peaks in parasitism are observed at weeks 8, 10, and 14 (Fig. 16A). Peak wasp 
emergence in the low release rate greenhouses occurred at weeks 10 and 12, two weeks after peaks in 
parasitism. Wasp emergence at weeks 9-12 and 14 was 7-3 9x higher than the number of wasps released 
weekly into the low release rate greenhouses. In-house reproduction by E. formosa Beltsville strain during 
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the trial may have contributed to whitefly population growth suppression, particularly alter week 11, when 
a rapid decline in numbers of live whitefly nymphs and pupae was observed (Fig. 15 A). 
In high release rate greenhouses, parasitism was first observed at week 4 (as opposed to week 6 in 
the low release rate greenhouses) and peaked at week 9 at 57% (compared with 72% in the low release 
rate greenhouses at week 14) (Fig. 16B). Peak wasp emergence also occurred at week nine. Wasp 
emergence from in-house reproduction exceeded the weekly release rate in weeks 8-12 and 14 by 2-19x 
(Fig. 16B). As with the low release rate greenhouses, wasp emergence into the high release rate 
greenhouses at this time may have contributed to the decline in live whitefly nymphs and pupae after week 
6 (Fig. 15B). Peak wasp emergence in the high release rate greenhouses at week 9 was 1.4x greater than 
peak emergence in the low release rate greenhouses at week 12. Total wasp emergence into the high 
release rate greenhouses summed across all weeks was 1.2x higher than the low release rate greenhouses. 
Trends in Host:Parasitoid Ratio and Host Mortality 
The average numbers of nymphs per plant available for attack by individual wasps for each week 
of the trial in the low and high release rate greenhouses are shown in Fig. 17A. Average weekly trends in 
mortality from causes other than successful parasitism (i.e. host feeding and aborted parasitism) for B. 
argentifolii in the low and high release rate greenhouses are shown in Fig. 17B. 
The number of hosts available for attack by individual wasps steadily increased after week one in 
the low release rate greenhouses to peak at week 7 and 13 (Fig. 17A). In the high release rate 
greenhouses, the number of hosts available for attack showed at a single peak at week 6 and declined 
thereafter (Fig. 17A). At week 14, the average number of hosts available for attack per wasp per plant was 
2.6x higher in the low release rate greenhouses. After week three, percentage mortality increased weekly 
to reach 91% and 96% at week 14 in the low and high release rate greenhouses respectively (Fig. 17B). 
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End of Crop Sales Inspection 
At sale (week 14), the mean number of live nymphs and pupae per leaf (± SE) combined across 
replicated greenhouses were 4.89+ 0.56 and 0.88± 0.16 respectively for the low and high release rate 
greenhouses. The mean number of live nymphs and pupae per leaf on plants inspected in retail outlets was 
1.45+ 0.36 (infestation data from retail outlets was collected before imidacloprid was registered for 
greenhouse use in Massachusetts). The mean number of nymphs per leaf differed significantly between 
treatments (F= 20.85, df= 791, p< 0.001). Significantly more nymphs per leaf were found in low release 
rate greenhouses when compared to high release rate greenhouses and insecticide treated plants. There 
was no significant difference between the mean number of nymphs per leaf between the high release rate 
greenhouses and chemically protected plants. Immature whiteflies in the high release rate greenhouses 
were found on a larger percentage of plants (77%) than insecticide treated plants (28%) (Table 27). This 
indicates that the high release rate of E. formosa Beltsville strain produced a poinsettia crop with similar 
final numbers of live immature whiteflies, but survivors were spread over a larger number of plants. 
Discussion 
In small experimental greenhouses at Cornell University, life-table analyses showed that E. 
formosa Beltsville strain released at 1 wasp/plant/week (low release rate) and 3 wasps/plant/week (high 
release rate) exerted a suppressive effect on B. argentifolii population growth on poinsettia when 
compared to greenhouses which did not receive the parasitoid (Table 25, Fig. 15). There was substantial 
reduction in net reproductive rates of B. argentifolii in greenhouses (94% reduction in low release rate 
greenhouses and 98% in high release rate greenhouses) into which E. formosa Beltsville strain was 
released when compared to the control greenhouse which did not receive the parasitoid (Table 27). 
The high release rate of E. formosa Beltsville strain provided better control of B. argentifolii than 
the low release rate. At week 14, estimates of live whitefly nymphs and pupae per plant were lower in the 
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high release rate greenhouses (Fig. 15B), and estimates of the mean number of live nymphs and pupae per 
leaf from the end of crop sales inspection were significantly lower in the high release rate greenhouses 
(Table 27). Both release rates resulted in average Ro values less than one (Table 26) which was expressed 
by decreasing densities of live nymphs and pupae in population counts in both the low and high release 
rate greenhouses. The observed population declines were faster in the high release rate greenhouses (Fig. 
15B), and this trend was represented by an average Ro for the high release rate greenhouses which was 
66% lower than the low release rate greenhouses (Table 26). 
Emergence by E. formosa Beltsville strain exceeded weekly releases by 7-39x at weeks 9-12 and 
14 in the low release rate greenhouses, and by 2-19x at weeks 8-12 and 14 in the high release rate 
greenhouses. In-house reproduction of this magnitude has important implications for augmentative 
biological control with this parasitoid. First, weekly releases of E. formosa Beltsville strain could have 
been terminated after week eight in both the low and high release rate greenhouses because in-house 
emergence was exceeding weekly releases, thereby reducing the number of weekly releases by 43%. 
Therefore, utilization of in-house reproduction could reduce the cost of control. 
Second, high levels of parasitoid recycling within greenhouses requires there to be high numbers 
of whiteflies to parasitize in the crop. The numbers of live nymphs and pupae peaked at weeks eleven 
(248± 41 nymphs and pupae per plant) and six (215± 58 nymphs and pupae per plant) for the low and 
high release rate greenhouses respectively. Such high densities of whiteflies per plant may be unacceptable 
to many poinsettia growers because of the uncertainty of whether parasitoid action could reduce whiteflies 
to acceptable levels before bract coloration and then maintain whitefly numbers at non-damaging levels 
after bract coloration. Once bracts color, the range of chemical options for whitefly control are 
substantially reduced because of the risk of phytotoxicity damage to bracts. This could limit the use of E. 
formosa Beltsville strain as a biological control agent of B. argentifolii on poinsettia which is grown for 
sale at Christmas. 
An alternative option would be to use E. formosa Beltsville strain for B. argentifolii control on 
poinsettia stock plants which are grown in the summer and from which cuttings are taken to be rooted for 
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the fall poinsettia crop (colored plants). In this production system growers would be able to apply remedial 
insecticidal sprays if biological control failed without risk of damaging plants. Furthermore, whitefly 
hygiene may be less stringent if cuttings are not exported and are retained for use by the producer. This 
may make biological control a more attractive control option to some growers. In the trial presented here 
we assessed E. formosa Beltsville strain for B. argentifolii control on poinsettias grown in the fall. We 
have recently evaluated the performance of this wasp in summer greenhouse conditions at two commercial 
greenhouse ranges in Massachusetts for B. argentifolii control on poinsettia stock plants, and this data is 
being analyzed. 
The results of our work presented here on E. formosa Beltsville strain corroborate the laboratory 
findings of Heinz and Parrella (1994). This parasitoid appears to be a promising biological control agent 
of B. argentifolii on fall grown poinsettia. 
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WHITEFLY LIFESTAGE 
Figure 14: Survivorship curves for Bemisia argentifolii cohorts on poinsettia in the presence and absence 
of Encarsia formosa Beltsville strain. Survival rate for each stage was calculated as the number entering 
each lifestage divided by the number of eggs at the start of each cohort (see Table 24). Ii= settled first 
instar, I2= second instar, I3= third instar, I4= fourth instar. 
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Figure 15: Population trends for Bemisia argentifolii in the presence and absence of Encarsia formosa 
Beltsville strain. Mean number of live nymphs and pupae (± SEM) per poinsettia plant in the control (A) 
and wasp release (B) greenhouses at a low release rate (1 wasp/plant/week), and a high release rate (3 
wasps/plant/week). 
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Figure 16: Weekly percentage parasitism estimates and weekly estimates of numbers of Encarsia formosa 
Beltsville strain emerging into greenhouses. Average weekly estimates of the percentage of Bemisia 
argentifolii pupae parasitized by E. formosa Beltsville strain in the low (A) and high (B) release rate 
greenhouses and the total number of E. formosa Beltsville strain emerging weekly into the low (A) and 
high (B) release rate greenhouses. 
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Figure 17: Host:parasitoid ratio estimates and percentage mortality of Bemisia argentifolii nymphs in the 
presence of Encarsia formosa Beltsville strain. The average number of susceptible B. argentifolii nymphs 
and pupae per plant (A) available for host feeding and parasitism by individual wasps (E. formosa 
Beltsville strain) for the low and high release rate greenhouses, and (B) the percentage mortality of B. 
argentifolii nymphs and pupae in the presence of E. formosa Beltsville strain averaged in the low and 
high release rate greenhouses. 
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CHAPTER 6 
DISCOVERY AND UTILIZATION OF BEM1SIA ARGENT1FOL1I (HOMOPTERA: ALEYRODIDAE) 
PATCHES BY ERETMOCERUS SP. NR. CALIFORNICUS (AZ) AND ENCARS1A FORMOSA 
BELTSVILLE STRAIN (HYMENOPTERA: APHELINIDAE) IN GREENHOUSES 
Abstract 
The ability of two species of aphelinid parasitoids to find and attack Bemisia argentifolii nymphs 
in experimental patches on single leaf poinsettia plants randomly distributed in canopies of four 
commercially grown poinsettia crops at an early and late stage of plant growth was determined. 
Eretmocerus sp. nr. californicus (AZ) found experimental patches in the canopies of small and large 
plants more quickly and frequently, and killed more nymphs following patch discovery than did Encarsia 
formosa (Beltsville strain). Eretmocerus sp. nr. californicus (AZ) exhibited a linear functional response in 
small and large crop canopies while E. formosa (Beltsville strain) showed a Type II functional response in 
a small crop canopy and a weak linear response in a large crop canopy. 
Introduction 
Parasitoids used for inundative biological control of whiteflies on greenhouse-grown ornamentals 
have to search for hosts in environments where host patches are both scarce and aggregated (Liu et al. 
1993). Van Lenteren (1986) has suggested that an effective natural enemy for use in biological control 
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programs in greenhouses must both discover host patches rapidly and kill large numbers of hosts after 
patch discovery, if it is to maintain pest densities below levels which cause economic damage. 
Assessment of density responsiveness (i.e., determination of functional response, mutual 
interference, and the aggregation response of biological control agents on host patches [Kidd and Jervis 
1996]) of natural enemies used in inundative biological control programs in field situations is poorly 
studied (Waage and Greathead 1988). Field evaluations of density responsiveness are necessary for 
predicting the likelihood that natural enemies will suppress pest densities over a limited number of 
generations (Hopper and King 1986, Waage and Greathead 1988). 
Two parasitoids that are commercially available for inundative biological control of whiteflies in 
greenhouses are Eretmocerus sp. nr. californicus (Hymenoptera: Aphelinidae) from Arizona (AZ), and a 
Bemisia argentifolii Bellows and Perring (Homoptera: Aleyrodidae) adapted strain of Encarsia formosa 
Gahan (Hymenoptera: Aphelinidae) (Heinz and Parrella 1994) from Beltsville, Maryland (commonly 
referred to as the (Beltsville strain) [Hoddle et al. 1996a]). Both wasps are indigenous to the United 
States, and we have been evaluating their ability to control B. argentifolii on greenhouse grown poinsettia 
(Euphorbia pulcherrima Willd. ex Klotzsch) (Hoddle et al. 1996ab). 
The searching behavior (van Lenteren et al. 1976, Sutterlin and van Lenteren 1993, van 
Roermund et al 1994, van Roermund and van Lenteren 1995), oviposition and host feeding preferences 
(Enkegaard 1993), and functional response (Fransen and van Montfort 1987, Enkegaard 1994, 
Shishehbor and Brenan 1996) have been determined for E. formosa reared on greenhouse whitefly 
Trialeurodes vaporariorum (Westwood) (Homoptera: Aleyrodidae) (designated here as E. formosa 
[GHWF])in the laboratory. Similar data for E. sp. nr. californicus (AZ) are not available, but are known 
for other species of Eretmocerus (Sharaf and Batta 1985, Sengonca et al. 1994, Headrick et al. 1995, 
1996, McAuslane and Nguyen 1996). 
Most studies of parasitoid foraging behavior have been conducted in the laboratory in small, 
artificial, mostly empty arenas (Neuenschwander and Ajuonu 1995), and have used prey densities far 
exceeding those found under field conditions (O’Neil 1990). O’Neil (1988, 1989, 1990) has shown that 
laboratory data on natural enemy foraging, in particular functional response data, do not compare well 
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with data from field experiments. This discrepancy has been attributed to the large differences in prey 
density and time of prey exposure to the natural enemy between such laboratory studies and conditions 
actually occurring in nature. In field situations, natural enemies have to search greater areas to locate 
similar numbers of hosts and thus usually have longer search times than individuals used in laboratory 
evaluations (O’Neil 1988, 1989, 1990; O’Neil and Wiedenmann 1987, Hopper and King 1986; Hopper et 
al. 1991). 
Few studies have been conducted to determine how parasitoids forage in the field because 
searching parasitoids are difficult to study due to their small size, rarity, and speed of movement (Waage 
1983, Morrison and Strong 1980). Direct observation of foraging parasitoids is the only means of 
assessing host patch discovery and utilization by foraging parasitoids in field situations (Cassas 1989). 
Within the context of van Lenteren’s (1986) natural enemy selection criteria, a greenhouse study was run 
to evaluate the efficacy of E. sp. nr. californicus (AZ) and E. formosa (Beltsville strain) for B. argentifolii 
control on poinsttias. We sought to determine if differences existed between these two parasitoids with 
respect to; speed of discovery of whitefly patches, how many whitefly nymphs were killed in patches 
following discovery, and if density responsiveness (parasitoid aggregation and determination of functional 
response) was exhibited by these parasitoids following inundative releases. 
We conducted foraging studies in four commercial greenhouses where E. sp. nr. californicus 
(AZ) or E. formosa (Beltsville strain) were being used for inundative biological control of B. argentifolii 
on poinsettia. Observations were made on single-leaf poinsettia plants that had varying numbers of B. 
argentifolii nymphs. Experimental plants were placed in the poinsettia canopy for 24hrs and visually 
inspected for parasitoids at regular intervals. We conducted this experiment at two different times of the 
cropping cycle for each parasitoid species in each greenhouse. 
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Materials and Methods 
Experimental Greenhouses 
As part of another study that was being conducted by our group, four commercial growers in 
Massachusetts U.S.A., were participating in evaluation trials using either E. sp. nr. californicus (AZ) (two 
growers) or E. formosa (Beltsville strain) (two growers) for B. argentifolii control on poinsettia stock 
plants. Stock plants provide cuttings from which colored plants for sale at Christmas are grown. As part of 
parasitoid evaluations, we collected weekly data on whitefly population densities (numbers of live, dead, 
and parasitized nymphs; pupal exuviae from which either parasitoids or whiteflies had emerged; and adult 
whiteflies on three leaves on each of 90 plants for a total number of 270 inspected leaves in each 
greenhouse). The parasitoid foraging experiment detailed here was conducted within the context of these 
evaluation trials on stock plants over the period 16 May to 9 August 1995. 
Site one was a 260m2 glass greenhouse. Number of plants in the greenhouse was initially 2500, 
and decreased to 2240 as plants were removed to satisfy spacing requirements. Cultivars grown were “Red 
Sails”, red “Lilo”, and white and marble “Angelika”. Site one received an average weekly release of 3.2 
female E. sp. nr. californicus (AZ) per plant. Site two was a 419m2 glass greenhouse with 746 plants. 
Cultivars grown were white and marble “Annette Hegg”, red “Lilo”, red “Celebrate 2”, and “Pink 
Peppermint”. Weekly releases at site 2 averaged 2.8 female E. sp. nr. californicus (AZ) per plant. Site 
three was a 268m2 plastic greenhouse with 2086 plants. Cultivars grown were “Red Sails”, and marble 
and red “Freedom”. Site three received average weekly releases of 3.3 female E. formosa (Beltsville 
strain) per plant. Site four was a 170m2 glass greenhouse with 1169 plants. Cultivars grown were 
“Monet”, red and white “Celebrate 2”, marble “Angelika” and pink “Gutbier V-14”. Weekly releases at 
site four averaged 4.6 female E. formosa (Beltsville strain) per plant. 
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Parasitoid Releases 
Eretmocerus sp. nr. californicus (AZ) was supplied by Beneficial Insectaries as loose parasitized 
T. vaporariorum nymphs that had been reared on tobacco. This wasp is biparental with a 1:1 sex ratio in 
mass production (Simmons and Minkenberg 1994). Parasitized pupae were evenly distributed throughout 
greenhouses in plastic release cups. Release cups were attached to stakes which were pushed into potting 
media until the cup was positioned below the plant canopy. Cups were collected every two weeks. Percent 
emergence of E. sp. nr. californicus (AZ) was determined in the laboratory and used to calculate the 
number of female wasps released per plant per week. 
Encarsia formosa (Beltsville strain) is a uniparental parasitoid that was reared on B. argentifolii 
on tobacco and supplied by Bunting Biological France as parasitized B. argentifolii nymphs glued to 
release cards (100 pupae per card). Cards were hung on strings that spanned benches on which plants 
were growing. Strings were tied below pot rims so that wasps emerged from cards below the plant canopy 
and then moved upwards in search of whitefly nymphs (Hoddle and Van Driesche 1996). Before new 
cards were put out each week, the previous week’s cards were retrieved. Percentage parasitoid emergence 
from cards was calculated in the laboratory to determine the number of females released per plant each 
week. 
Establishing B. argentifolii Patches on Experimental Plants 
Single leaf poinsettia plants (cultivar ‘Freedom Red’) in 10cm diameter plastic pots were used for 
parasitoid foraging experiments. For each experiment, a clip-cage was placed on the single leaf of all 60 
plants and the position of each cage was marked on the leaf with an indelible marker. Four mating pairs 
of whiteflies were introduced into each clip-cage and left to oviposit for three days at 25°C ± 3°C after 
which cage and adults were removed. 
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The pot of each single leaf poinsettia plant was numbered. Leaves were examined under a 
dissecting microscope and the number of eggs recorded. Plants with fewer than 20 eggs per leaf were 
discarded. Plants were maintained in a rearing room at 25°C± 3°C until whitefly nymphs had reached 
appropriate developmental stages for presentation to parasitoids in greenhouses. 
Experimental plants were placed in greenhouses receiving E. sp. nr. californicus (AZ) when 
leaves had second and third nymphal instars, the preferred stages for oviposition (Gerling 1966, 
McAuslane and Nguyen 1996). Females will also host feed on nymphs in these instars (Headrick et al. 
1995, 1996, McAuslane and Nguyen 1996). Single leaf plants were placed in greenhouses being treated 
with E. formosa (Beltsville strain) when leaves had third and fourth instar nymphs, the preferred 
oviposition stages for E. formosa (GHWF). Females will also host feed on nymphs in these instars 
(Enkegaard 1993). 
When nymphs had reached appropriate developmental stages for placement in greenhouses, 
patches of either 5,10, 20, or 40 nymphs per leaf were created by removing excess nymphs on leaves with 
a size 000 insect pin under a dissecting microscope. Ten replicates of each nymphal density were made. In 
addition to the forty plants with nymphs, 10 single leaf poinsettia plants without nymphs were also placed 
in greenhouses, for a total of 50 single leaf poinsettia plants for each foraging experiment. Plants were 
flagged to facilitate rapid location and were randomly placed in the poinsettia canopy in greenhouses 
within 24 hrs. 
Foraging experiments with single leaf poinsettia plants were conducted at each greenhouse at two 
different times of the cropping cycle. The first set of experiments was run when the crop canopy was 
small, approximately two weeks after potting. The second set of experiments was conducted when the crop 
canopy was large, approximately seven weeks after potting and prior to cuttings being taken. Each time an 
experiment was run, the total number of leaves on 20 randomly selected plants in each greenhouse was 
recorded to determine the size of the crop canopy. Single leaf poinsettia plants were placed in greenhouses 
three to four days after a parasitoid release had been made. 
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A set of forty control plants with the same densities of nymphs per leaf as plants taken to 
greenhouses was maintained in a rearing room at the laboratory. Survivorship of nymphs on control plants 
was used to estimate intrinsic mortality that occurred on single leaf poinsettia plants in the absence of 
exposure to parasitoids in greenhouses. Two sets of control plants were used for experiments; one set of 
forty plants acted as a control for experimental plants that were exposed to parasitoids in a small crop 
canopy, and a second set of forty plants were the controls for the exposure of experimental plants in a 
large crop canopy. 
Inspection of Experimental Patches in Greenhouses 
Experimental plants were introduced into the crop canopy before 10:00am on the day of the 
experiment and left for 30 mins, before leaf inspections began. Thereafter at 15 minute intervals, each leaf 
on each experimental plant was turned over, and the number of foraging wasps on that leaf was recorded. 
Fifteen consecutive observations, at 15 minute intervals, were made and then plants were left undisturbed 
in the greenhouse for 24 hrs from the time of first placement in the greenhouse. At the end of the 24 hr 
exposure period, leaves were again inspected, and the number of wasps on each leaf recorded. Wasps were 
then gently brushed off leaves, and the plants were returned to the laboratory where they were again 
visually inspected for wasps, and then fumigated with DDVP to kill any parasitoids that were might have 
been missed in the visual inspection. DDVP is not toxic to B. argentifolii and is used to keep our 
laboratory whitefly colony free of parasitoids. 
Assessment of B. argentifolii Mortality on Experimental Plants 
Following fumigation, both experimental and control plants were kept in a rearing room at 25°C 
±3°C until whitefly and parasitoid emergence began. At this time, leaves were removed and inspected 
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with a dissecting microscope. The number of missing, dead, and parasitized nymphs, and pupal cases 
from which whitefly adults had emerged, on all plants was recorded . 
Density Responsiveness: Wasp Aggregation 
The number of wasps counted on patches at each 15 minute observation interval and at the 24 hr 
inspection was used to calculate the mean number of wasps on discovered patches of each density. One 
way Anova and Tukey’s HSD at 0.05 level of significance were used to determine if differences existed 
between the mean numbers of wasps arrested on patches of various densities The cumulative number of 
wasps counted on patches for each observation interval was also calculated. Differences in the mean 
number of E. sp. nr. californicus (AZ) and E. formosa (Beltsville strain) across all patch densities for 
small and crop canopies were compared using a two sample t-test with unequal variances. 
Density Responsiveness: Area of Search (a) 
Area of search is defined as the proportion of the host habitat which is searched parasitoids. This 
parameter encompasses discovery and rediscovery of hosts (Rogers 1972). Area of search for parasitoids 
exploiting patches of density / is given by: 
ai = l\pt*ln(-jT—rr-) [1] N, - Na, 
where p,=density of searching parasitoids on patch /, N,= density of hosts exposed to attack in patch /, 
Nai= number of hosts attacked in patch / (Varley et al. 1973, Hassell 1978). Area of search was calculated 
for each parasitoid species and each individual patch using the mean number of parasitoids searching on 
leaves with that particular patch density. Values of a, for each patch density were averaged to give a mean 
at for particular patch densities. 
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Density Responsiveness: Statistical Determination of Functional Response Type 
The functional response relates host density to the number of hosts attacked per parasitoid 
(Solomon 1949). Several types of functional response have been recorded: linear increase (Type 1), an 
increase decelerating to a plateau (Type II), and sigmoid increase (Type III) (Holling 1959, Hassell 1978). 
Based on a preliminary inspection of data (as per Casas and Hulliger 1994), statistical determination 
between Type I, and II responses were made using logit analysis (Trexler et al. 1988, Trexler 1993) on the 
proportion of nymphs killed. We modified the approach of Casas and Hulliger (1994) by using the SAS 
macro GEE (Generalized Equation Estimation) to perform logistic regression with binomial variance. 
This allowed us to account for non-independence between the independent (patch density) and dependent 
variables (number of nymphs killed in a patch). 
The models fitted in SAS GEE were: 
y= po + p]D + p2G [2] 
andy=p0 + p2G [3] 
where po = intercept, Pi and p2 are model coefficients, D = patch density, and G = greenhouse. The patch 
density coefficient (Pi) in equation [2] and the greenhouse coefficient (p2) in equation [3] were tested, 
using Wald’s statistic (distribution = N[0, 1]) at the 0.05 level of significance, to ascertain if the 
coefficients differed significantly from zero. Values other than zero for Pi or p2 would indicate that host 
density had an effect on the proportion of nymphs dying (Pi *0), or that the proportion of nymphs killed 
differed between greenhouses (p2 *0). 
Density Responsiveness: Determination of Functional Response Parameters 
Estimation of the parameters for the functional response curves was done using the following 
equations given by Rogers (1972): 
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Type I functional response is described by the Nicholson-Bailey equation: 
iv.= N(l-eaF) [4] 
Type II functional response can be modeled with the random parasite equation modified for the 
density of searching parasitoids on patches: 
Na= AT(l_e-Ta’-p/(,+a'Th.N)) [5] 
Where N= patch density, Na= the number of hosts attacked, a= area of search, a ’= search rate (area 
covered per unit of time [Rogers 1972]), T= total time hosts were exposed to parasitoids (=1 [24 hr]), P= 
mean density of searching parasitoids across all patches with nymphs, Th= handling time (expressed as a 
fraction of one day) (Rogers 1972). Handling time is not estimated for organisms exhibiting Type I 
responses because it does not constrain host processing, i.e., it is essentially equal to zero (Rogers 1972, 
Hassell 1978). 
Type I and II functional response equations were fit to plots of raw data (number of hosts killed 
[combined mortality from host feeding and parasitism] vs. patch density) using iterative non-linear least 
squares estimation (SAS Institute 1989). Raw data instead of mean numbers killed per patch were used to 
improve standard error (SE) estimates of equation parameters a, a and Th (Juliano and Williams 1987, 
Williams and Juliano 1996). 
Results 
Estimates of B. argentifolii and Parasitoid Populations in Greenhouses 
The mean number of leaves per plant, mean number of plants, and estimates of per plant 
densities of live whitefly nymphs from weekly population counts averaged across replicated greenhouses 
at the time experimental plants were exposed to parasitoids in small and large crop canopies are presented 
in Table 28. Data from just one greenhouse were used in the following analyses for E. formosa (Beltsville 
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strain) searching in a large crop canopy because of low wasp emergence in the second experimental 
greenhouse. 
The total number of female parasitoids emerging from hosts in greenhouses was calculated from 
weekly population counts of parasitoid exuviae (after Hoddle et al. 1996ab) for the week the experimental 
plants were exposed to parasitoids. To estimate the total number of females per plant the number of 
female wasps released per plant (three to four days prior to the experiment) was calculated from 
emergence data (Table 28) and combined with estimate of the number of in-house parasitoid emergences. 
Estimates of£. sp. nr. californicus (AZ) female emergence were calculated for assuming a 1:1 sex ratio 
(Simmons and Minkenberg 1994). 
Patch Discovery by Parasitoids 
The mean total number of wasps counted for each period on all experimental plants in small and 
large crop canopies are presented in Figs. 18A and 18B respectively. At both crop canopy densities, E. sp. 
nr. californicus (AZ) was observed sooner, than E. formosa (Beltsville strain). In small crop canopies, 
l.l-6.5x more E. sp. nr. californicus (AZ) were observed on leaves than E. formosa (Beltsville strain) 
(Fig. 18A), while in large crop canopies 1.5-2.7x more Eret. sp. nr. californicus (AZ) were observed (Fig. 
18B). 
As crop canopy and nymph density increased 4.5 and 14.2x respectively in E. sp. nr. californicus 
(AZ) greenhouses, the average total number of wasps counted on leaves observed in the experiment 
decreased 4.0 fold (Fig. 18B). In greenhouses with E. formosa (Beltsville strain), crop canopy and nymph 
density increased 7.3 and 25.4x respectively, and a corresponding 23.5 fold decrease in the average total 
number of wasps counted on experimental leaves was observed (Fig. 18B). 
The percentage of experimental plants with E. sp. nr. californicus (AZ) or E. formosa (Beltsville 
strain) on inspected leaves at each observation interval in small and large crop canopies are shown in 
Figs. 19A and 19B. In small and large crop canopies, more plants were discovered by E. sp. nr. 
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californicus (AZ) at each observation interval. As the plant canopy and density of live nymphs increased 
in the E. sp. nr. californicus (AZ) and (E. formosa Beltsville strain) greenhouses, the percentage of plants 
discovered decreased 4.2x and 66.0x in E. sp. nr. californicus (AZ) and E. formosa (Beltsville strain) 
greenhouses, respectively. 
The total proportion of dead nymphs (mortality from natural causes, disappearance, parasitism 
and host feeding) in E. sp. nr. californicus (AZ) and E. formosa (Beltsville strain) greenhouses for both 
canopy sizes is shown in Fig. 20. In the small crop canopy exposure experiment, 1.7x more nymphs died 
in greenhouses with E. sp. nr. californicus (AZ) compared to E. formosa (Beltsville strain). In large crop 
canopies, 1.7x more nymphs died in Eret. sp. nr. californicus (AZ) greenhouses than in E. formosa 
Beltsville greenhouses. For each parasitoid, increased plant canopy and nymph densities in E. sp. nr. 
californicus (AZ) and E. formosa (Beltsville strain) greenhouses corresponded with a 53% decrease in the 
proportion of dead nymphs on experimental plants. Nymph mortality was consistent for control plants 
used in the small canopy and large canopy exposure experiments at 7% (Fig. 20). 
In a small canopy, the proportions of experimental plants with dead nymphs after exposure in E. 
sp. nr. californicus (AZ) and E. formosa (Beltsville strain) greenhouses were similar at 0.85 and 0.86 
respectively (Fig. 20B), indicating that both parasitoids may have visited similar numbers of plants but E. 
sp. nr. californicus (AZ) caused higher levels of mortality (Fig. 20A). With an increase in crop canopy 
and nymphal densities, the proportion of plants with dead nymphs in E. sp. nr. californicus (AZ) 
greenhouses decreased by 8% and in E. formosa (Beltsville strain) greenhouses, the observed decrease was 
53% (Fig 20B). The proportion of control plants with dead nymphs was 0.20 and 0.25 for small and large 
crop canopies respectively (Fig. 20B). 
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Wasp Aggregation to Whitefly Density 
The mean number of parasitoids and the cumulative numbers of wasps counted on experimental 
patches are presented in Table 29. Mean numbers of wasps counted per leaf followed by the same letter 
are not significantly different from each other at the 0.05 level. 
Significantly more wasps were counted on artificial patches of 20 nymphs and 40 nymphs than 
on smaller patches in E. sp. nr. californicus (AZ) greenhouses when the crop canopy was small. The mean 
number of wasps counted on patches of five and ten or ten and zero nymphs in a small crop canopy did 
not differ from each other (Table 29). In a large crop canopy, significantly higher numbers of E. sp. nr. 
californicus (AZ) were counted on patches of twenty and forty nymphs than patches with fewer nymphs 
(Table 29). 
In E. formosa (Beltsville strain) greenhouses, significantly more wasps were counted on patches 
with 20 nymphs in a small crop canopy than all other patch densities (Table 29) and no significant 
differences in numbers of wasps counted were observed in a large crop canopy (Table 29). The cumulative 
total of parasitoids counted on discovered patches in small and large crop canopies was highest on patches 
of 20 and 40 nymphs for both parasitoid species (Table 29). This suggests that wasps were arrested on 
larger patches. Significantly more wasps were counted across all patches in E. sp. nr. californicus (AZ) 
greenhouses than in E. formosa (Beltsville strain) greenhouses in small (tvaiue= 8.97, tcrito.o5= 1.96, df= 
2500 and large crop canopies (tvaiue= 7.33, ^0 05= 1.96, df= 2044). 
Density Responsiveness: and the Area of Search (a) 
The relationship between area of search and patch density for each parasitoid at each canopy 
density are shown in Fig. 21. Area of search for E. sp. nr. californicus (AZ) searching in a small and large 
crop canopy had largest values on patches of 10 nymphs. Area of search averaged across all patches was 
4.75 ±0.76 leaves/parasitoid and 8.70 ±1.87 leaves/parasitoid for small and large crop canopies 
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respectively (Fig.21A and 2IB). Average area of search increased 1.8x from a small to a large crop 
canopy. This is attributable to a 76% decrease in the mean number of wasps searching on artificial patches 
of nymphs in a large crop canopy (i.e. the smaller the value for p, in eqn. 1, the larger the multiplying 
effect it has on the term In [A, /NrNai]). Individual parasitoids searched more leaves to find hosts. 
Area of search for E. formosa (Beltsville strain) for host patches in a small crop canopy steadily 
declined as patch density increased (Fig. 21C). Area of search was largest on host patches of five 
nymphs/leaf and ten nymphs/leaf in a small and large crop canopy respectively (Figs. 21C and 2 ID). 
Average area of search for E. formosa (Beltsville strain) searching in a small crop canopy was 19.53 
±4.21 leaves/parasitoid (Fig 21C), and in a large crop canopy ‘a’ increased to 21.62 ±9.91 
leaves/parasitoid (Fig.21D) (the mean no. wasps counted on all patches with hosts (0.01 wasps/leaf [Table 
29]) was used for Pt in eqn. 1 for the density of searching wasps on patches with ten and twenty nymphs 
where wasps were not observed [Table 29]). The mean number of E. formosa (Beltsville strain) searching 
on leaves with artificial patches decreased by 86%, and as a consequence the average area of search 
increased from a small to a large crop canopy (Table 29). Average area of search for E. sp. nr. 
californicus (AZ) searching in a small and large crop canopy were 4. lx and 2.5x smaller than E. formosa 
(Beltsville strain) because more wasps were counted on experimental leaves in E. sp. nr. californicus (AZ) 
greenhouses. 
Statistical Determination of Functional Response Type and Estimation of Functional Response Parameters 
for Eretmocerus sp. nr. californicus (AZ) 
The Wald statistic (W) testing for a patch density effect on mortality in E. sp. nr. californicus 
(AZ) greenhouses was not significant in either a small (WPi= 1.09, z^aos)= 1-96) or large crop canopy 
(WPi= 0.65, Zcrit(o.o5) = 1.96), indicating that mortality across varying nymphal densities was density 
independent, a Type I functional response (Rogers 1972, Hassell 1978). There was a significant 
greenhouse effect indicating E. sp. nr. californicus (AZ) caused higher mortality in one of the two 
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greenhouses in each of the small (Wp2= 5.25, z^aos) = 196) and large crop canopy tests (Wp2= 4.63, 
Zcnt(o o5)= 1-96), in one of the two greenhouses. 
Parasitoid density (P) values used in eqn 4 to fit Type I functional response curves were the mean 
numbers of wasps counted on patches with hosts in the small and large crop canopy experiments (Table 
29). Parameter estimates for Type I functional response for E. sp. nr. californicus (AZ) searching in a 
small and large crop canopy are given in Table 30 and the functional response curves fitted to the mean 
number of nymphs killed at each density in a small and large crop canopy are shown in Figs. 22 A and 
22B. Estimates of area of search derived from iterative line fitting given in Table 30 are lower than the 
average area of search shown in Figs. 21A and 21B. 
Statistical Determination of Functional Response Type and Estimation of Functional Response Parameters 
for Encarsia formosa (Beltsville strain) 
The Wald statistic (W) testing for a patch density effect on nymphal mortality in E. formosa 
(Beltsville strain) greenhouses was significant in a small crop canopy (WPi= 3.60, z^os) = 1.96), 
indicating that mortality across varying nymphal densities was inversely density dependent; the proportion 
of nymphs killed decreased as patch density increased, a Type II functional response (Hassell 1978). There 
was no significant greenhouse effect (Wp2= 1.76, zcrit(o.o5) = 1.96), indicating E. formosa (Beltsville strain) 
caused similar levels of mortality in both greenhouses when the crop canopy was small. In a large crop 
canopy, data from one greenhouse only was used, and patch density did not have a significant effect on 
nymph mortality (WPi= 0.65 z^oos) = 1.96), indicating mortality was density independent, a Type I 
response. 
Parasitoid density (P) values used in eqns 4 and 5 to fit Type I and II functional response curves 
were the mean number of wasps counted on patches with hosts in the small and large crop canopy 
experiments (Table 29). Parameter estimates for Type II and Type I functional response for E. formosa 
(Beltsville strain) searching in a small and large crop canopy are given in Table 30. The functional 
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response curves fitted to the mean number of nymphs killed at each nymph density in a small and large 
crop canopy are shown in Figs. 22C and 22D. Estimates of search rate (a’) and area of search (a) derived 
from iterative line fitting given in Table 30 are similar to the average area of search values shown in Figs. 
21C and 21D. 
Discussion 
In small and large poinsettia canopies, E. sp. nr. californicus (AZ) found experimental whitefly 
patches faster (Fig. 18), found a higher percentage of artificial patches (Fig. 19), killed more B. 
argentifolii nymphs (Fig. 20), and was observed more frequently on experimental leaves (Figs. 18 and 
19), and in larger numbers than E. formosa (Beltsville strain) (Table 29) in small and large crop canopies. 
Average areas of discovery were greater for E. formosa (Beltsville strain) in small and large crop canopies 
(Figs. 21A-D). 
The greenhouse universe within which parasitoids were searching changed considerably between 
small and large crop canopies and this affected discovery and utilization of experimental patches. In E. sp. 
nr. californicus (AZ) greenhouses, canopy size increased 4.59x and the mean number of live nymphs per 
plant increased 14.24x from a small to a large crop canopy. These increases in plant volume and the 
density of the background whitefly population, were associated with a decrease in the proportion of 
nymphs killed on experimental patches by 47%. Also, the percentage of artificial patches that were 
discovered by wasps during our observations, and the total number of wasps we counted on these patches, 
decreased 4.2x and 3.7x between small and large crop canopies respectively. 
In E. formosa (Beltsville strain) greenhouses, plant volume increased 7.32x and the density of 
live nymphs per plant increased 25.38x from a small to a large canopy. Increases in average plant size, 
and the densities of live whitefly nymphs were associated with a 47% decrease in the proportion of 
nymphs killed by parasitoids. The percentage of discovered experimental patches and total number of 
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wasps counted on these patches decreased 66x and 68x respectively between small and large crop 
canopies. 
Eretmocerus sp. nr. californicus (AZ) exhibited a linear functional response in a small and large 
crop canopy (Table 30, Figs. 22A and 22B) indicating that per capita host mortality was density 
independent (i.e., nymphs had similar probabilities of being attacked in artificial patches regardless of 
patch size) and that, over the range of patch densities we tested, host density did not satiate the parasitoid 
population (Hassell 1978). Failure to satiate the parasitoid population may be attributable to three factors. 
First, artificial host patch densities coupled with existing whitefly population densities may not have been 
great enough to overwhelm searching females in a 24 hr period, thus a plateau in the number of nymphs 
killed in high density patches did not result. Linear functional responses may occur more frequently than 
assumed when host densities are at levels that would normally be encountered by parasitoid populations 
(Huffaker and Kennett 1969, Hopper and King 1986). 
Second, Eretmocerus sp. nr. californicus may superparasitize hosts infrequently. McAuslane and 
Nguyen (1996) report that 0.96% of available host species were superparasitized in a 24 hr searching 
period by an undescribed Eretmocerus sp. from Hong Kong. Host discrimination of this level would 
increase the number of hosts successfully parasitized per patch in greenhouses. Third, Eretmocerus sp. 
that are less than seven days of age have the potential to cause high mortality levels within a 24 hr period 
by ovipositing in approximately 20 hosts and feeding on another 5 nymphs per day (McAuslane and 
Nguyen 1996). Consequently, our artificial patches of 40 nymphs were of such a size to potentially sustain 
high levels of mortality if discovered by even a single E. sp. nr californicus (AZ) female. Work on the 
reproductive and host feeding biology of E. sp. nr. californicus (AZ) is needed. 
Encarsia formosa (Beltsville strain) exhibited a Type II functional response in a small crop 
canopy indicating that per capita host mortality was inversely density dependent (i.e. as patch size 
increased the probability that nymphs would escape attack increased), suggesting that the biological 
characteristics of this wasp limited the number of hosts attacked in a 24 hr period. Determination of Type 
II functional response in this study is in accordance with laboratory work using E. formosa (GHWF) with 
T. vaporariorum, B. argentifolii, or Trialeurodes ricini Misra as hosts (Fransen and van Montfort 1987, 
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Yano 1987, Enkegaard 1994, Shishehbor and Brenan 1996). In addition to the handling time constraints 
which are implicit in the definition of a Type II functional response, several other aspects of E. formosa 
(Beltsville strain) s biology may have contributed to the Type II functional response. 
First, visual inspection of leaves with artificial patches in a small crop canopy indicated that E. 
formosa (Beltsville strain) visited uninfested leaves more frequently and in larger numbers than E. sp. nr. 
californicus (AZ) (Table 29). Encarsia formosa (GHWF) will spend up to 20 mins, searching for hosts on 
uninfested leaves (van Roermund et al. 1994) and this would reduce the number of hosts encountered in a 
24 hr. searching period. 
Second, E. formosa (GHWF) superparastizes up to 14% of previously parasitized hosts (van 
Roermund and van Lenteren 1995, Enkegaard 1994), and superparasitism is independent of host density 
(Enkegaard 1994). Wasteful egg deposition because of superparasitism would also reduce the number of 
new hosts successfully attacked in a 24 hr period. Furthermore, as egg-load decreases because of 
oviposition, the motivation to search for hosts declines and host encounter rates are reduced (Sutterlin and 
van Lenteren 1993, van Roermund and van Lenteren. 1995). 
Third, mutual interference is a process which reduces giving up time and results in patch 
abandonment when either high numbers of parasitized hosts are detected, or interruption of oviposition 
and host searching occurs due to contact with other females (Hassell 1971). Mutual interference has been 
demonstrated for E. formosa (GHWF) (Varley et al. 1973, Hoddle et al. 1996c) and has been cited as a 
constraint on using this parasitoid inundatively (Parrella et al. 1991, Hoddle et al. 1996c). 
Fourth, in comparison to Eretmocerus sp., E. formosa (GHWF) has lower daily oviposition rates 
(5.9 eggs/female/day) and host feeding rates (2.3 hosts/female/day) (Szabo et al. 1993). 
Average area of search values in Fig. 21 were greater for E. formosa (Beltsville strain) in a small 
and large crop canopy when compared to Eret. sp. nr. californicus (AZ), indicating E. formosa (Beltsville 
strain) searched a greater number of leaves per wasp in a 24 hr. period even though this wasp killed fewer 
nymphs (Fig. 20A). The larger values were obtained because fewer wasps were observed on artificial 
patches when leaves were inspected in the morning and early afternoon. 
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Beacause leaf inspections were not made over the entire day, E. formosa (Beltsville strain)’s 
window of activity may have been missed and observed mortality on patches may have been caused by 
larger numbers of wasps than were actually observed. Data from one greenhouse (unpublished data) 
indicated that more E. formosa (Beltsville strain) wasps were found on artificial patches in the mid-late 
afternoon than in the morning. Therefore, average area of search values based on the mean number of E. 
formosa (Beltsville strain) per leaf from morning observations may not provide an accurate estimation of 
this parasitoid’s searching ability. When considering natural enemies for inundative biological control 
based on functional response data, the total number of pests killed in a given time period will be a more 
important selection criterion than estimates of the proportion of habitat searched. 
The host:wasp ratio (number of. nymphs available for attack per female parasitoid per plant) 
calculated from Table 28 was 0.54 nymphs per female per plant in a small crop canopy for E. sp. nr. 
californicus (AZ), and was 6.17x higher for E. formosa (Beltsville strain) at 3.33 nymphs per female per 
plant. Hopper and King (1986) caution that Type II functional responses may result when natural enemies 
are presented with unusually high host densities. In E. sp. nr. californicus (AZ) greenhouses with a large 
crop canopy, 6.93 nymphs per plant were available for attack by individual female wasps and in E. 
formosa (Beltsville strain) greenhouses, the host:wasp ratio was 18.12 nymphs per female wasp per plant, 
2.6 lx higher than the E. sp. nr. californicus (AZ) greenhouses. High levels of in-house reproduction by E. 
formosa (Beltsville strain) reduced the number of hosts available for attack by individual female wasps in 
a large crop canopy (Table 28). 
In commerical poinsettia growing greenhouses, higher host:wasp ratios and larger plant canopies 
in E. formosa (Beltsville strain) greenhouses when compared to E. sp. nr. californicus (AZ) greenhouses 
may have affected our ability to accurately compare these two wasps using the evaluation criteria of van 
Lenteren (1986). 
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Table 30: Parameter estimates of a (area of search) from the Nicholson-Bailey equation (Type I Functional 
Response) and non-linear parameter estimates of a’ (search rate) and Th (handling time) from the random 
parasite equation (Type II Functional Response). 
Parasitoid Functional Response a1 or [a’]2 ±SE Th3 ±SE 
Eretmocerus sp. nr. californicus (AZ) 
Small Crop Canopy Type I 2.75 ±0.28 NA 
Large Crop Canopy Type I 4.90 ±0.56 NA 
Encarsia formosa (Beltsville strain) 
Small Crop Canopy Type II [15.75 ±8.17] 0.006±0.001 
Large Crop Canopy Type I 31.35 ±6.89 NA 
1 a= area of search, number of leaves with artificial patches traversed by parasitoids. 
2 a’= search rate, number of leaves with artificial patches searched in 24 hrs by parasitoids. 
3 Th= handling time as a fraction of one day. 
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Eretmocerus sp. nr. californicus (AZ) 
□ Encarsia formosa (Beltsville strain) 
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Figure 18: Mean number of parasitoids on discovered patches. The mean total number of Eretmocerus sp. 
nr. californicus (AZ) and Encarsia formosa Beltsville strain (averaged across replicated greenhouses) 
counted on artificial whitefly patches at each 15 minute observation interval and at the end of the 24 hr 
exposure period in small (A) and large (B) poinsettia canopies. 
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Figure 19: Percentage of discovered patches. Percentage of artificial patches with Eretmocerus sp. nr. 
californicus (AZ) or Encarsia formosa Beltsville strain at each 15 minute observation interval and at the 
end of the 24hr exposure period in small (A) and large (B) poinsettia canopies. 
144 
A 
0.5 
0.4 
0.3 
0.2 
0.1 
E3 Eretmocerus sp. nr californicus (AZ) 
□ Encarsia formosa Beltsville Strain 
■ Control Plants not Exposed to Parasitoids 
I 
Small Canopy Large Canopy 
H 
1 Oh 
•3 
<u Q 
■3 
% 
(A O 
I 
cu 
o 
□ Eretmocerus sp. nr. californicus (AZ) 
□ Encarsia formosa Beltsville Strain 
■ Control P lants not Exposed to P arasitoids 
Small Canopy Large Canopy 
Plant Canopy Size 
Figure 20: The proportion of nymphs dying in artificial patches. The proportion of dead nymphs 
(mortality due to parasitism, host feeding and intrinsic mortality) (A) in artificial patches, and (B) the 
proportion of artificial patches with dead nymphs after exposure to Eretmocerus sp. nr. californicus (AZ) 
and Encarsia formosa Beltsville strain for 24 hrs in small and large poinsettia canopies. 
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Figure 21: The area of search for parasitoids. The area of search (‘a’) for Eretmocerus sp. nr. califormcus 
(AZ) searching for artificial whitefly patches in small (A) and large (B) crop canopies; and for Encarsia 
formosa Beltsville strain searching in small (C) and large (D) poinsettia canopies. 
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Figure 22: Parasitoid functional response curves. Functional response curves for Eretmocerus sp. nr. 
californicus (AZ) attacking second and third instar Bemisia argentifolii nymphs in small (A) and large 
(B) crop canopies; and for Encarsia formosa Beltsville strain attacking third and fourth instar B. 
argentifolii nymphs in small (C) and large (D) poinsettia canopies. Each point in each figure is the mean 
number of nymphs killed +SE of 20 replicates, except for Fig. D which is 10 replicates. 
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CHAPTER 7 
WHICH PARASITOID AND RELEASE RATE WAS MOST EFFECTIVE FOR CONTROLLING 
BEMISIA ARGENTIFOL11 (HOMOPTERA: ALEYRODIDAE) ON POINSETTIAS IN SMALL 
GREENHOUSES AT CORNELL UNIVERSITY? 
Conclusion 
The work detailed in this thesis has sought to determine which of three candidate parasitoids and 
two release rates (high release rate = three female wasps/plant/week; low release rate = one female 
wasp/plant/week) was the most effective at controlling Bemisia argentifolii (Homoptera: Aleyrodidae) on 
poinsettias grown in small greenhouses at Cornell University, Ithaca, New York. The three parasitoids we 
evaluated were Encarsia formosa Gahan reared on greenhouse whitefly, (Trialeurodes vaporariorum 
[Westwood]), Eretmocerus sp. nr. californicus (AZ), reared on T. vaporariorum, and Encarsia formosa 
Beltsville strain reared on B. argentifolii. 
We employed two approaches in our analyses. First, we constructed life-tables for B. argentifolii 
in the presence and absence of parasitoids from cohorts of whitefly nymphs photographed twice weekly. 
Second, concurrent with life-table construction, we made weekly population counts of the numbers of live, 
dead, and parasitized whitefly nymphs, exuviae from which either an adult whitefly or parasitoid 
emerged, and the number of adult whiteflies on poinsettia leaves. 
To be a feasible pest control option, biological control of whiteflies with parasitoids must be of 
comparable cost, efficacy, and ease of use to chemical pest control strategies if biological control is to be 
employed by growers of ornamental plants. Several criteria can be used for determining which parasitoids 
and release rates was most effective at Cornell University. First, percentage mortality estimates from life- 
tables can be used to rank parasitoids and release rates in order of efficacy. Second, percentage parasitism 
can be used to sort parasitoids and release rates in terms of levels of effective parasitoid reproduction. 
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Third, parasitoids and release rates can be ranked based on the final densities of live whitefly nymphs or 
adults per plant from weekly population counts. Fourth, numbers of live whitefly nymphs and adults on 
plants at time of sale (week 14) can be used to rank parasitoids and release rates. Fifth, the cost of control 
per plant and per m2 can be determined for each parasitoid and release regimen. 
Parasitoid and Release Rate Efficacy Based on Percentage Mortality 
Average percentage mortality (combined death from parasitism, host feeding and natural causes) 
across all photographed cohorts produced the following efficacy ranking (highest to lowest mortality); 1) 
E. sp. nr. californicus (AZ) (high release rate), 2) E. formosa Beltsville strain (high release rate), 3) E. 
formosa Beltsville strain (low release rate), 4) E. formosa (low release rate), 5) E. formosa (high release 
rate), 6) E. sp. nr. californicus (AZ) (low release rate) (Table 31). Rankings 1-3 inclusive had Ro<l 
indicating declining B. argentifolii population growth when mortality of photographed whitefly nymphs 
was 96% or higher (Table 31). 
Parasitoid and Release Rate Efficacy Based on Percentage Parasitism 
The ability of candidate parasitoids at their respective release rates to reproduce in greenhouses is 
an important attribute. First, in-house reproduction and subsequent emergence increases the number of 
searching wasps in greenhouses thereby augmenting weekly releases. Second, reproduction could be used 
to reduce the cost of weekly parasitoid releases if numbers of wasps emerging in-house were calculated 
and deducted from the total number of wasps to be purchased for release in any particular week. Average 
percentage parasitism across all photographed cohorts produced the following efficacy ranking (highest to 
lowest percentage parasitism); 1) E. sp. nr. californicus (AZ) (low release rate), 2) E. formosa (high 
release rate) = E. formosa Beltsville strain (low release rate), 3) E. formosa (low release rate), 4) E. 
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formosa Beltsville strain (high release rate), and 5) E. sp. nr. californicus (AZ) (high release rate) (Table 
31). 
Parasitoid and Release Rate Efficacy Based on Estimates of Live Nymphs 
on Whole Plants at Time of Sale 
Use of estimates of live nymphs on whole plants from population counts at time of sale (week 14) 
produced the following efficacy ranking (lowest to highest density of live nymphs per plant); 1) E. 
formosa (low release rate), 2) E. formosa Beltsville strain (high release rate), 3) E. sp. nr. californicus 
(AZ) (high release rate), 4) E. sp. nr californicus (AZ) (low release rate), 5) E. formosa Beltsville strain 
(low release rate), 6) E. formosa (high release rate) (Table 31). In some instances an obvious 
inconsistency exists between Ro estimates from life-tables and population trends based on weekly counts. 
Encarsia formosa (low release rate), had an average R^,= 1.5 indicating increasing population growth, yet 
the population growth trend based on weekly population counts showed a marked decline in population 
growth after week 11 (Fig. 6B). On the other hand, E. sp. nr. californicus (AZ) (high release rate) had an 
average R<,= 0.25 indicating declining population growth, but population trends show a steady increase in 
the numbers of live nymphs per plant after week 10 (Fig. 11B). Ro values for the high and low release rate 
of E. formosa Beltsville strain were both <1.0, indicating declining population growth, and this trend was 
accurately captured in the weekly population counts (Figs. 15A and 15B). 
Discrepancies between life-table estimates of population growth based on Ro values and that 
observed in the weekly population counts may be attributable to two factors. First, utilization by 
parasitoids of small artificial patches created for photography may not accurately represent how wasps 
exploit patches of similar nymph densities dispersed over larger areas (e.g., an entire leaf). Nymphs 
spread over larger areas may experience decreased encounter rates, and as a consequence whitefly 
survivorship would increase and population growth would result. This may explain increasing population 
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growth for E. sp. nr. californicus (AZ) when Ro values suggest declining population growth (Chapter 4). 
Second, counting nymphs on the same set of tagged leaves each week may not have accurately captured 
population growth trends. A better approach would be to select plants at random within each greenhouse, 
and then randomly select leaves within the three strata on the chosen plants for inspection. 
Parasitoid and Release Rate Efficacy Based on Sales Inspection Counts and Percentage Infested Plants 
Counts of live nymphs on six leaves (two leaves from each of three strata within the plant 
canopy) on each of 15-18 plants at week 14 of the cropping cycle produced the following efficacy ranking 
based on the mean number of live nymphs per leaf (lowest to highest density of live nymphs per leaf); 1) 
E. formosa (low release rate), 2) E. formosa (high release rate), 3) E. formosa Beltsville strain (high 
release rate), 4) E. sp. nr. californicus (AZ) (low release rate), 5) E. sp. nr. californicus (AZ) (high release 
rate), 6) E. formosa Beltsville strain (low release rate) (Table 31). Sales inspection data are probably an 
accurate estimation of percentage infestation and numbers of live nymphs per leaf at week 14 of the trial, 
because counts were made on excised leaves with a microscope in the laboratory as opposed to a head- 
mounted opti-visor in the greenhouse. 
Percentage infested plants at week 14 of the trial produced the following ranking (least infested 
to most infested); 1) E. formosa (low release rate), 2) E. formosa (high release rate), 3) E. sp. nr. 
californicus (AZ) (low release rate), 4) E. formosa Beltsville strain (high release rate), 5) E. sp. nr. 
californicus (high release rate), 6) E. formosa Beltsville strain (low release rate). 
Parasitoid and Release Rate Efficacy Based on Cost 
Cost of releases for E. formosa and E. formosa Beltsville strain were based on $ 12 per thousand 
parasitized whitefly nymphs, and $10 per 1000 parasitized whitefly nymphs for E. sp. nr. californicus 
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(AZ). Percentage emergence estimates were used when estimating the total number of wasps that would 
have to be purchased to achieve the desired release rate. Percentage emergence estimate used for E. 
formosa was 76% (Chapter 2), for E. formosa Beltsville strain the percentage emergence estimate used 
was 69.15% (data used were from field trials not presented in this thesis), and for E. sp. nr. californicus 
(AZ) the percentage emergence estimate used was 59.5% (data used were from field trials not presented in 
this thesis) in conjunction with a 1:1 sex ratio estimate. 
Low release rate (one female/plant/week) of E. formosa cost $0.22 per plant, while the high 
release rate (three females/plant/week) cost $0.66 per plant for a 14 week cropping period. The low 
release rate (one female/plant/week) of E. formosa Beltsville strain cost $0.24 per plant, while the high 
release rate (three females/plant/week) cost $0.73 per plant for a 14 week cropping period. For E. sp. nr. 
californicus (AZ), the low and high release rates cost $0.47 and $1.41 per plant respectively. Estimates of 
cost per plant and per m2 of greenhouse are presented in Table 31. 
Purchase of E. sp. nr. californicus (AZ), a bi-parental arrhenotokous species, was more expensive 
than either of the E. formosa strains, both of which are uni-parental and thelytokous. Mass rearing of E. 
sp. nr. californicus (AZ) males inflates purchase costs as expenses associated with their production are 
recuperated by the producer even though males contribute little, if anything, to whitefly mortality 
following release. Mass rearing of an effective thelytokous Eretmocerus sp. may be more economical. 
Coda 
The evaluation trials presented in this thesis were conducted in small experimental greenhouses 
which are not representative of commercial greenhouse operations in Massachusetts. Caution should be 
exercised when extrapolating the results presented in this thesis to what could be expected in commercial 
settings with the same parasitoids and release rates. The number of replicates used for each parasitoid and 
release rate was low, with just two greenhouses being used. A greater number of trials in greenhouses 
spanning broader conditions are necessary to increase our understanding of the efficacy of these 
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parasitoids at low and high release rates. Field work in commercial greenhouses in Massachusetts is 
continuing, and the high release rate of E. sp. nr. californicus (AZ) has provided consistently better 
control of B. argentifolii on poinsettias than either the low or high release rates of E. formosa and E. 
formosa Beltsville strain. 
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Table 31: Comparison of percentage mortality, percentage parasitism (from summary life-table data for 
each parasitoid species at each tested release rate), and final mean density of live Bemisia argentifolii 
nymphs on poinsettia plants and leaves across each biological control treatment at the end of the 14 week 
growing season. 
Release Rate 
(No. 
Females per 
Plant per 
Week) 
Percentage 
Mortality [& 
Net 
Reproductive 
Rate Ro] 
Percentage 
Parasitism 
Final Mean 
Density of 
Live 
Nymphs 
per Plant 
±SEM 
(Population 
Counts) 
'Final 
Mean 
Density of 
Live 
Nymphs 
per Leaf 
±SE 
(Cornell 
Sales 
Inspection) 
2 Percentage 
Infested 
Plants 
(Cornell 
Sales 
Inspection) 
3 Cost of 
Control 
per Plant 
[& m1 2 3] 
Comparison 
of Live 
Nymphs 
Densities 
per Leaf at 
Cornell 
with Retail 
Outlet 
Nymph 
Densities 
31 Encarsia 
formosa 
95% 
[Ro=1.5] 
13% 2.81 ±2.22 0.09 ±0.04 23% $0.22 
[$0.99] 
Same 
3 Encarsia 
formosa 
92% 
[Ro=2.12] 
23% 41.21±11.8 0.82 ±0.29 70% $0.66 
[$2.98] 
Same 
31 
Eretmocerus 
sp. nr. 
califomicus 
(AZ) 
88% 
[Ro=3.66] 
34% 20.31± 9.6 1.13 ±0.19 73% $0.47 
[$2.12] 
Same 
3 
Eretmocerus 
sp. nr. 
califomicus 
(AZ) 
99.1% 
[Ro=0.25] 
10% 16.76± 6.9 2.97± 0.59 83% $1.41 
[$6.35] 
Higher at 
Cornell 
3 1 Encarsia 
formosa 
Beltsville 
strain 
96% 
[Ro=0.95] 
23% 33.98± 8.3 4.89 ±0.56 100% $0.24 
[$1.09] 
Higher at 
Cornell 
3 Encarsia 
formosa 
Beltsville 
strain 
99% 
[Ro=0.32] 
12% 16.2± 9.9 0.88 ±0.16 77% $0.73 
[$3.28] 
Same 
1 Mean number of live Bemisia argentifolii nymphs on six leaves on each of 15-18 poinsettia plants in experimental 
greenhouses at Cornell University at week 14 of trials. 
2 Percentage infested plants at Cornell University calculated from sales inspection data collected at week 14 of trials. 
3 Cost of control was calculated at $12 per 1000 parasitized nymphs for Encarsia fomtosa (emergence rate from 
parasitized nymphs was estimated to be 76%) and Encarsia fomiosa Beltsville strain (emergence rate from 
parasitized nymphs was estimated to be 69.15%), and $10 per 1000 parasitized nymphs for Eretmocerus sp. nr. 
califomicus (AZ) (emergence rate from parasitized nymphs was estimated to be 59.5% with a 1:1 sex ratio). 
Insecticide costs per m2 in Massachusetts range from $0.32-$2.26 in poinsettia crops. 
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